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Abstract 
This research aimed to explore and better understand intervention protocols and their 
effect on lower limb control associated with anterior cruciate ligament (ACL) injury. A 
fundamental and unique aspect of this investigation was to establish a lab-based testing 
protocol that successfully mimicked actual game play. It is believed that only when pre 
and post intervention testing mimics game play can the ultimate success of intervention 
strategies be measured, particularly where success is defined by changes to 
neuromuscular characteristics. Thus initially an attempt to mimic game-play in the 
laboratory, based on an investigation of neuromuscular and kinematic characteristics 
during actual game-play, was conducted (Study 1). Following this, an intervention 
program was implemented, examining two common intervention strategies (Study 2). It 
was hypothesised that 1) more complex and game-like the single leg landing laboratory 
condition, the more it will represent neuromuscular and kinematic characteristics during 
actual game-play; 2) intervention groups will show a reduction in ACL injury risk factors 
and subsequent changes to neuromuscular characteristics when compared to a control 
group and; 3) the effects of the training program will be more evident in a specific 
landing training group when compared to a dynamic balance training group.  
Electromyography (EMG) and kinematic data were collected during actual game play 
within a local netball competition (N = 9). These subjects were then brought into the 
laboratory setting and were instructed to perform three landing conditions that were 
designed to be of increasing complexity, with the most complex task aiming to best 
replicate game-play. The sporting task that provided the focus for this study was the leap 
landing (jumping from one leg and landing on the other leg), which is the most common 
land executed in netball. EMG tracings were recorded for four muscles, rectus femoris 
(RF), biceps femoris (BF), medial hamstrings (MH) and gluteus medius (GM). Muscle 
onset relative to initial contact (onset to IC) and burst duration were analysed. 2-D 
kinematic data (sagittal plane knee angle at land, sagittal plane maximum knee angle and 
frontal plane knee angle at land) were collected. A one-way ANOVA was applied to 
determine for the main effect of test condition.   
The results of the first study showed that RF onset to IC was significantly different 
between the game and laboratory conditions. RF onset to IC occurred much closer to IC 
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in the game when compared to the laboratory. It was also found that the sagittal plane 
angle at land during game play was significantly different to the least complex laboratory 
condition. The lab-based condition that was found to best mimic game play was the most 
complex laboratory condition and thus provided a testing protocol for the subsequent 
intervention study.  
Study 2 aimed to examine what neuromuscular changes may occur in response to an 
intervention program and whether one training program was more effective in reducing 
ACL injury risk factors when compared to the other. Three netball teams were recruited 
and two (N = 7 in each team) participated in an intervention program each, whilst a third 
acted as a control group (N = 10). The difference between the intervention programs was 
that one was based on dynamic balance training whilst the other focused on sports 
specific landing training. Education regarding safe landing technique was incorporated 
into both programs and provided the basis for feedback to players within each team. The 
intervention programs were conducted over 6 weeks and were based on three training 
sessions per week. Pre- and post- testing used the protocols established in section one. 
The data were subjected to a Linear Mixed Model analysis to accommodate a time 
varying covariate (approach speed).  
The results of Study 2 found that the intervention affected GM onset to IC, RF, MH and 
GM muscle burst duration. There was an interaction between groups for GM onset to IC 
and muscle burst duration. Post- intervention the GM onset to IC was closer to IC and 
GM muscle burst duration was shorter across all groups and conditions, with the greatest 
changes occurring in the Landing group. In addition, there was a statistically significant 
interaction for frontal plane knee angle at land. Results showed that for both training 
groups, frontal plane knee angle at IC was greater, post- intervention, indicating that the 
knee was closer to a vertical alignment in the frontal plane. Data examined relative to 
each testing condition revealed that the effects of the intervention were more evident in 
the complex tasks and significantly different when compared to the less complex tasks. 
Overall, the intervention programs resulted in altered GM activity and thus potentially hip 
control, particularly in the Landing group. In addition, a concurrent reduction in valgus 
lower limb alignment was found for both intervention groups. 
Understanding neuromuscular characteristics prior to an ACL injury could be invaluable 
in elucidating injury mechanisms and contributing to the development of accurate 
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screening methods.  However, prospective neuromuscular-based studies, attempting to 
identify predictors of ACL injury, would be very difficult. Case study number one 
discusses the findings from a subject who sustained an ACL injury six days post testing 
(from Study 1), which indicates possible neuromuscular dysfunction that may have 
contributed to the ACL injury. It was found that the ACL injured subject was the only 
player to record a muscle onset post IC within her trials and this only occurred in the 
injured limb. It was also found that the muscle onset post IC trials occurred during the 
more complex landing tasks only. During the most simple landing task, no onset post IC 
was recorded. Analysis of kinematic data comparing the onset post IC and onset prior to 
IC trials for this subject yielded no obvious difference in knee angles at land. 
As a result of the subtle difference in RF onset to IC found between game and lab-based 
data, an opportunity was taken to retest post- intervention within the game setting. One 
subject completed both studies within this thesis and so a comparison of game measures 
post the Landing training program was possible. RF onset to IC was shown to be the only 
variable that was significantly different between the pre- and post- intervention game 
measures. RF onset to IC was shown to occur further from IC post- intervention.  
In conclusion, this research validated a lab-based measure that best mimicked game-play 
to use as a pre- and post- testing measure for two common methods used in current ACL 
intervention strategies. In addition, further understanding of the effects of a landing 
training and dynamic balance training program were found. In particular changes to GM 
activation and lower limb posture were a significant and unique finding. Subtle 
differences in response to each intervention program did indicate that the landing training 
program might be slightly more effective in reducing an ACL injury risk factor. However 
more research is required to ensure that any subtle differences between the game and 
laboratory setting (eg. RF onset to IC) are not key components to understanding injury 
mechanisms.   
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1Chapter 1: Introduction 
Anterior cruciate ligament (ACL) injury is a traumatic sports related injury.  It is a 
common knee joint injury that is not exclusive to a specific population. The short term 
consequences of an ACL injury are often surgical repair, comprehensive rehabilitation 
and a lengthy absence from sport (Brukner & Kahn, 2000). Fortunately, the rate of 
occurrence remains relatively low (Agel, Arendt, & Bershadsky, 2005) with the highest 
incidence rate reported as one ACL injury for every 1750 individuals (Griffin et al., 2000) 
and so should not be a deterrent to sport participation. There is a growing concern, 
however, for the long term consequences, such as osteoarthrosis, subsequent to sustaining 
this injury (Maletius & Messner, 1999; Myklebust & Bahr, 2005). It is proposed that 
osteoarthrosis will be evident in nearly all patients who have sustained an ACL rupture 
within 15 – 20 years post injury, irrespective of treatment choice (Myklebust & Bahr). 
For the ACL injured population, the rate of returning to competitive sport is encouraging 
with the majority of athletes able to resume sport within 12 months (Myklebust & Bahr). 
However there is often a reduction in participation in high risk sports and a proposed 
higher rate of retirement when compared with non ACL injured athletes (Myklebust & 
Bahr). Considering the acute and chronic implications of an ACL injury, understanding 
the aetiology of this injury, with the ultimate objective to promote prevention, is 
imperative. 
ACL injuries are not exclusive to a sport, age-specific population or gender. Soccer, 
netball, American football, Australian Rules football, rugby, basketball, handball and 
volleyball are examples of sports often chosen for ACL studies due to their relatively high 
incidence of ACL injury (Arendt & Randall, 1995; Bojsen-Moller & Magnusson, 2000; 
Gray et al., 1985; Hume, 1993; Ireland, Gaudette, & Crook, 1997; Lloyd, 2001). Griffin 
et al. (2000) reported that the majority of ACL injuries occur between an age range of 15 
to 45 years, which reflects the majority of the active sporting population. It is also well 
documented that a gender disparity identifying females at greater risk of ACL injuries is 
known to exist (Arendt & Randall, ; Biondino, ; Gray et al.; Huston, Greenfield, & 
Wojtys, 2000; Ireland et al.). 
 
2An impetus for ACL injury research is the high proportion of injuries that do not result 
from direct contact, infering an intrinsic dysfunction. It is reported that up to 70% of ACL 
injuries occur during a non-contact episode (Agel et al., 2005; Griffin et al., 2000). 
Landing and/or performing a directional change, for example, a pivot or side stepping 
task have been identified as sporting movements associated with the event of a non-
contact ACL injury (Gray et al., 1985; Griffin et al.; Hewett, 2000; Hewett, Lindenfeld, 
Riccobene, & Noyes, 1999; McLean, Lipfert, & van den Bogert, 2004b; Moeller & Lamb, 
1997; Oni, 1998). These ‘high-risk’ sporting postures, which typically involve 
decelerating, pivoting, cutting and landing (Delfico & Garrett Jr, 1998; McLean et al.) 
have been described as key elements when non-contact ACL injuries occur (Kirkendall & 
Garrett, 2000). 
Intrinsic and extrinsic risk factors have been proposed to explain the aetiology of non-
contact ACL injuries. These have been categorised as follows; neuromuscular, 
biomechanical, hormonal, structural risk factors (McClay Davis & Ireland, 2001) and 
shoe-surface interface (Orchard & Powell, 2001). What continues to elude researchers is a 
comprehensive understanding of how these aetiologies manifest and consequently our 
capacity to achieve optimal prevention strategies. However it is suggested that although 
ACL injuries are multifactorial in nature, research needs to be directed towards risk 
factors that have the potential to be modified (McClay Davis & Ireland).  
Neuromuscular factors, which consequently impact upon biomechanical factors, and the 
shoe-surface interface, have been deemed modifiable risk factors (Griffin et al., 2000; 
McClay Davis & Ireland, 2001). The potential to modify neuromuscular risk factors in an 
attempt to reduce ACL injury risk is highlighted by the abundance of successful 
intervention programs (Caraffa, Cerulli, Projetti, Aisa, & Rizzo, 1996; Cerulli, Benoit, 
Caraffa, & Ponteggia, 2001; Chimera, Swanik, Swanik, & Straub, 2002; Cochrane, Lloyd, 
Besier, & Ackland, 2003a; Cochrane, Lloyd, Besier, Ackland, & Elliott, 2003b; Hewett et 
al., 1999; Hewett, Stroupe, Nance, & Noyes, 1996; Mandelbaum et al., 2005; Myklebust 
et al., 2003; Wojtys, Huston, Taylor, & Bastian, 1996) that are based on neuromuscular 
training protocols. 
Current intervention programs, based on neuromuscular training, that have been reported 
to be successful are shown in Table 1. 
3Table 1. Intervention programs that report success in reducing ACL injury rates or 
potentially reducing ACL injury risk by influencing neuromuscular or 
biomechanical risk factors through training. 
 
a Indicates the minimum N over 3 seasons 
b Indicates the minimum N over 2 years 
* Indicates female specific study 
** Indicates both male & females included in study 
A successful program is usually defined by either a reduction in ACL injury rates or a 
change in neuromuscular and biomechanical risk factors that have been associated with 
an ACL injury. Although the intervention programs presented in Table 1 have been 
deemed successful, recent evidence (Agel et al., 2005) is suggesting that overall, ACL 
injury rates and a gender disparity continue to exist in some sports. Agel et al. conducted 
a 13-year review of ACL injuries within NCAA basketball and soccer. It was found that 
the number of non contact ACL injuries over the 13 years have remained similar (Agel et 
al.).  There is also evidence that the rate of ACL injury remains significantly higher for 
females than males (Agel et al.). This is a concern since the majority of key intervention 
Study N Sport  Reduction in 
 ACL injury rate 
Changes to 
neuromuscular & 
biomechanical risk 
factors 
Myklebust et al., 2003  N = 850 a European 
Handball 
 /*
Hewett et al., 1999  N = 1263 Soccer 
Basketball 
Volleyball 
 /*
Caraffa et al., 1996  N = 600 Soccer  /
Mandelbaum et al., 
2005  
N = 2757 b Soccer  /*
Cochrane et al., 2003  N = 60 AFL /
Cochrane et al., 2003 N = 60 AFL /
Wojtys et al., 1996  N = 32 generic /** 
Chimera et al., 2002  N = 20 unknown /*
Hewett et al., 1996  N = 20 Volleyball /*
4research has focused on the female athlete (Table 1) and some of this research has been in 
the sports investigated by Agel et al. There is some suggestion that we cannot implement 
optimal intervention strategies until we fully understand the mechanism of injury (Bahr & 
Krosshaug, 2005; McLean, 2005). However the importance of continuing research based 
on intervention strategies cannot be understated.  Current intervention programs, as listed 
in Table 1, have been shown to reduce injury rates, provide scientific insight into our 
capacity to alter hazardous sporting postures and are a vital adjunct to injury mechanism 
research. Therefore, the global aim of future intervention based research is to work 
towards understanding the ideal model to improve the efficacy of such programs.  
A potential problem within current intervention strategies is that they often include a 
variety of training modalities. These may include balance training, plyometrics, strength 
training or sport specific training, such as landing, or running and planting/agility drills. A 
concern is that these programs are often labour intensive, with up to 2 hours a day, 3 days 
a week required to complete the program (Hewett et al., 1996). This is likely to have a 
direct impact on subject compliance and hence, program success. While recent research 
has began to address this issue (Cochrane et al., 2003b; Lephart et al., 2005), the specific 
contributions of each training modality to resultant neuromuscular control modification 
remain relatively unclear. It is also difficult to elucidate which component of the 
intervention may have the greatest contribution to neuromuscular modification, as 
opposed to a combination.  
Another potential limitation of current intervention strategies, specifically those that 
attempt to demonstrate successful adaptations in neuromuscular risk factors, is that they 
are typically validated with simple, laboratory-based experimental trials, often lacking 
sports relevance or validity (McLean et al., 2004b). This may impact directly on their 
ability to reduce injury rates, as it remains unclear whether the intervention strategies 
transfer successfully into game-play skills. In the motor learning domain, this notion is 
referred to as transfer-appropriate processing, suggesting that the acquisition of a skill or 
condition should only be evaluated to determine its effect in the context with which the 
learning outcome needs to be demonstrated (Lee, 1988). In addition, this also supports the 
concept of ensuring ecological validity when attempts are made to conduct research 
relative to real-life circumstances where aspects of a ‘normal’ environment need 
consideration (Neisser, 1976). To date, a limited number of intervention studies 
5(Cochrane et al., 2003b; Cowling, Steele, & McNair, 2003) have based their pre- and 
post- testing protocol using a sport specific skill. This is a crucial component of 
intervention programs, as the primary objective is to alter potentially hazardous postures 
within the game setting, when injuries are most likely to occur. Therefore, regardless of 
the chosen intervention strategy, its ultimate success can only be determined if examined 
within the context of movements eliciting realistic game-like complexities (i.e., 
movements that simulate game play).  
Therefore the primary goal of the current study was to formulate intervention programs 
that isolate training methods and evaluate these using testing based on realistic game-play 
conditions.  
 
1.1 Specific Aims 
1. To develop a lab-based testing protocol that can successfully mimic a high-risk 
movement task that is consistent with actual game play. 
2. To compare two common training methods and examine specific neuromuscular 
adaptations to these modalities. 
1.2 Hypotheses 
1. The more complex and game-like the single leg landing laboratory condition the 
more it will represent the muscle activation and kinematic measures of a single leg 
landing executed during game-play. 
2. A reduction in ACL injury risk factors and, neuromuscular changes, will be 
evident in the intervention groups when compared with the control group. 
3. A greater reduction in ACL injury risk factors will be more evident in the sport 
specific landing training group when compared with the dynamic balance, training 
group. 
64. Post- intervention, the evidence of a reduction in ACL injury risk factors will 
decrease with more complex and game-like laboratory conditions when compared 
with the less complex laboratory conditions. 
1.3 Delimitations 
Delimitations placed on this study are that a community level female netball population 
were examined and the same shoes, taping and bracing were required for repeat testing 
sessions. 
1.4 Limitations 
Limitations within this study are that the number of players who make up a netball team 
affects sample sizes.  
In addition, kinematic data were recorded at 50Hz for phase’s two and three of the thesis. 
This limitation was the result of 200Hz recording equipment being unable to sustain 
adequate picture clarity during game play (4 x 15mins). 
The venue for the game and laboratory was different, however the floor surfaces were 
both rubber over a concrete base. 
 
7Chapter 2: Review of Literature 
2.1 Structure and function of the ACL  
2.1.1 Structure of the ACL 
The microanatomy of the ACL consists of a hierarchy of collagenous structures. The 
organisation and orientation of these collagenous structures defines the ACL as a unique 
ligament that is designed to withstand multi-axial stress and varying tensile strains during 
knee joint motion (Strocchi et al., 1992). The ACL is on average a 37 - 41mm long and 8 
– 11mm wide ligament (Kennedy, Weinberg, & Wilson, 1974). It descends from the 
posteromedial aspect of the lateral femoral condyle to the anterior tibial plateau, twisting 
on itself due to the orientation of bony attachments (Arnoczky, 1983; Sinnatamby, 1999). 
It is suggested that the ACL is comprised of two, possibly three functionally discrete 
bundles that are not necessarily anatomically discrete entities (Amis & Dawkins, 1991; 
Arnoczky, ; Woo et al., 1998).  
The ACL is an intra-articular ligament located within the joint capsule. It is covered by a 
flap of synovial membrane and thus is an extrasynovial ligament (Arnoczky, 1983; 
Sinnatamby, 1999). The surrounding synovial membrane contains a periligamentous 
network of blood vessels that branch out and penetrate the ligament (Arnoczky). It is 
suggested that the blood supply to the ACL although not profuse, permits a reparative 
response to injury, promoting healing (Kennedy et al., 1974). However, it is accepted that 
a mid-substance tear, the most common injury to the ACL (Kennedy et al., 1974), does 
not spontaneously repair (Woo, Livesay, & Engle, 1992).  
Nerve fibres branching from the tibial nerve course along the periligamentous vessels 
surrounding the ACL (Arnoczky, 1983). Subsequently, it has been suggested most of the 
intraligamentous nerve fibres predominantly perform a vasomotor function. This has 
contributed however, to the misunderstanding of the sensory function of these nerves 
(Johansson, Sjolander, & Sojka, 1991). Johansson et al. proposed that the sensory system 
is able to significantly contribute to functional joint stability of the knee. The presence of 
gamma (Q) motor neurons, connected exclusively to intrafusal muscle fibres contribute to 
a Q-muscle-spindle system (Enoka, 2002; Johansson et al.). The effects of this system 
have been described as so potent that moderate ACL loading can induce major muscle 
8spindle afferent responses, influencing muscle activity and subsequent functional knee 
joint stability (Johansson et al.).      
2.1.2 The function of the ACL 
Anatomically, the knee is a modified hinge joint, permitting knee flexion/extension and 
some degree of tibial rotation in the flexed knee position (Sinnatamby, 1999). The 
functional capacity of the knee however, is relatively complex, with the joint possessing 
six degrees of freedom (Fu, Harner, Johnson, Miller, & Woo, 1993; Grood & Suntay, 
1983). These being three translations (anterior-posterior, medial-lateral and proximal – 
distal) and three rotations (internal-external, varus-valgus and flexion-extension) (Fu et 
al., 1993; Woo et al., 1998) which typically result from external loads being applied to the 
joint during motion.  
It is common to cite the role of the ACL in constraining anterior tibial translation (ATT) 
(Amis & Dawkins, 1991; Fu et al., 1993; Jones et al., 1995; Kanamori et al., 2000; 
Markolf et al., 1995; Markolf, Gorek, Kabo, & Shapiro, 1990; Woo et al., 1998; Woo et 
al., 1992). The ACL has also been reported to limit varus-valgus and axial tibial rotations 
of the knee (Kanamori et al., 2000; Kennedy et al., 1974; Woo et al., 1992). In full 
extension the ACL, in conjunction with all knee ligaments, are taut and contribute to the 
‘locking’ mechanism which secures the joint in hyperextension (Sinnatamby, 1999). In 
vivo kinematics of the ACL during weight bearing suggests that the ACL primarily 
functions at low knee flexion angles, up to 30o (Li, DeFrate, Rubash, & Gill, 2005). 
The role of the ACL in controlling the knee joint for combined knee motions may 
represent a more functional demand on the ligament. Various in vitro studies have 
examined combined loading states (Fu et al., 1993; Kanamori et al., 2000; Li et al., 1999; 
Markolf et al., 1995; Markolf et al., 1990). Combined motions that have been found to 
generate increased forces in the ACL include internal tibial torque with increasing knee 
extension (Kanamori et al.; Markolf et al., 1990), knee varus and extension, and knee 
valgus and flexion (Markolf et al., 1995). External tibial torque with increasing knee 
flexion was shown to unload the ACL (Markolf et al., 1995).  
92.2 ACL injuries  
2.2.1 Consequences of ACL injuries 
The physical burden of sustaining an ACL injury cannot be understated. The short-term 
consequences, for example, surgical repair, comprehensive rehabilitation and a lengthy 
absence from sport have been an impetus for ACL research over the past two decades. 
Recent data has also shown that a long-term implication of an ACL injury is often a 
reduction in participation in high risk sports and a proposed higher rate of retirement 
when compared with non ACL injured athletes (Myklebust & Bahr, 2005). The growing 
concern however, is the recent evidence of developing osteoarthrosis, subsequent to ACL 
rupture. It is proposed that ACL injury often results in joint instability and consequently 
increases the likelihood of developing osteoarthrosis (Saxon, Finch, & Bass, 1999). A 
twelve-year follow-up of female soccer players (mean age 31 years, range 26 – 40 years) 
who had sustained an ACL injury showed that 55 out of 67 (82%) players had developed 
osteoarthritic changes (Lohmander, Ostenberg, Englund, & Roos, 2004). Fifty-six percent 
of these athletes had undergone an ACL reconstruction, whilst the remaining 42% were 
treated conservatively (Lohmander et al.). Maletius and Messner (1999) found similar 
results, reporting that 47 out of 60 (84%) patients, 20 years post ACL rupture presented 
with radiographic changes equivalent to osteoarthrosis. It was also reported that 45% of 
patients required at least one re-operation, ranging from ACL and patellar tendon 
reconstruction to arthroscopic procedures because of pain or giving way, during this 
period (Maletius & Messner). Osteoarthrosis has been described as “the rule rather than 
the exception” post ACL injury, proposing that osteoarthrosis will be present in nearly all 
patients within 20 years, irrespective of ACL reconstructive surgery or conservative 
treatment (Myklebust & Bahr). These findings provide a strong rationale to understand 
and develop effective prevention strategies. 
2.2.2 Sporting movements associated with ACL injury 
Landing and/or performing a directional change, for example a pivot or side stepping task 
have been identified as sporting movements associated with the event of a non-contact 
ACL injury (Gray et al., 1985; Griffin et al., 2000; Hewett, 2000; Hewett et al., 1999; 
McLean et al., 2004b; Moeller & Lamb, 1997; Oni, 1998). These movements, in which 
injury typically occurs, incorporate a rapid deceleration which has been suggested to be a 
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significant factor contributing to injury risk (Arendt & Randall, 1995; Biondino, 1999; 
Cowling & Steele, 2001c; Kirkendall & Garrett, 2000; McLean et al.; Medvecky, Bosco, 
& Sherman, 2000).  
Taking into account the nature of the movements in which injury is common, it is credible 
that a high incidence of ACL injuries occur in sports, for example, soccer, netball, 
American football, Australian Rules football, rugby, basketball and handball, which are 
known to incorporate such movements. Thus these movements have also been defined as 
‘high-risk’ sporting postures for non-contact ACL injury (McLean et al., 2004b) as they 
often result in lower limb motions consistent with high ACL strain, inferring injury 
mechanisms. However, the underlying mechanism for ACL injuries is still unclear. 
Proposed injury mechanisms include a rapid deceleration, a pivoting motion or landing 
with valgus collapse of the knee (Delfico & Garrett Jr, 1998). A systematic video analysis 
of 20 ACL injuries in team handball reported a valgus collapse with the knee close to full 
extension combined with external or internal rotation of the tibia as the primary 
mechanism for ACL injury (Olsen, Myklebust, Engebretsen, & Bahr, 2004). However it 
is suggested that the cause of injury stems from a complex interaction of factors (McLean, 
2005). Combining methodological approaches and examining events preceding and at the 
time of a high-risk task, for example player and opponent behaviour (Bahr & Krosshaug, 
2005; Krosshaug, Andersen, Olsen, Myklebust, & Bahr, 2005), may help to differentiate 
between the execution of an injurious versus non-injurious high-risk movement. 
2.2.3 Gender Dimorphism in non-contact ACL injury rates 
A gender disparity exists in non-contact ACL injury rates, with females being consistently 
reported over the past two decades to suffer these injuries more frequently than their male 
counterparts (Agel et al., 2005; Arendt & Randall, 1995; Biondino, 1999; de Loes, 
Dahlstedt, & Thomee, 2000; Faude, Junge, Kindermann, & Dvorak, 2005; Gomez, 
DeLee, & Farney, 1996; Gray et al., 1985; Malone, Hardaker, Garrett, Feagin, & Bassett, 
1993; Messina, Farney, & DeLee, 1999; Myklebust, Maehlum, Holm, & Bahr, 1998). Of 
particular concern is the fact that in spite of the vast amount of research conducted into 
non-contact ACL injuries during this time, in conjunction with the continued evolution of 
prevention methods arising from this work, ACL injury rates, and the associated gender 
dimorphism in these rates, remains (Agel et al.).  
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Arendt and Randall (1995) initially reviewed NCAA data for non-contact ACL injury 
rates per 1000 athlete-exposures in soccer (0.17 versus 0.05) and basketball (0.21 versus 
0.04) for females and males respectively, over a five-year period. Agel et al. more 
recently reviewed NCAA data to examine whether the trends reported by Arendt and 
Randall continued to exist. They found non-contact injury rates in soccer (0.13 versus 
0.04) and basketball (0.16 versus 0.04) relatively consistent with earlier findings. 
Additional studies, specific to basketball, support a consistent gender disparity. The early 
work of Gray et al. (1985) reported a five times greater risk of ACL injury in females. 
Malone et al. (1993) recorded an eight times increased risk, whilst Messina et al. (1999) 
reported a 3.79 times increased risk for women sustaining an ACL injury in basketball. 
Myklebust et al. (1998) reported injury rates for European Handball (0.31 versus 0.06) for 
females versus males respectively. deLoes et al. (2000) conducted a seven year study of 
knee injuries in youth participants in twelve sports and found that the rate of ACL injury 
was consistently higher in females in comparison to their male counterparts. Up to an 8.6 
times greater risk for females was recorded in gymnastics (de Loes et al., 2000).  
2.3 Risk factors for ACL injury 
A number of factors have been suggested to contribute directly to an increased risk of 
non-contact ACL injury, and the associated gender disparity in this risk. Several authors 
agree that ACL injuries are multifactorial in nature (Arendt & Randall, 1995; Bahr & 
Holme, 2003; Kirkendall & Garrett, 2000; McClay Davis & Ireland, 2001; Wedderkopp, 
Kaltoft, Lundgaard, Rosendahl, & Froberg, 1997), with risk factors defined as either non-
modifiable (structural and hormonal risk factors) or modifiable (skill level, shoe surface 
interface, neuromuscular and consequently biomechanical risk factors). However, what 
continues to elude us is a comprehensive understanding of how each risk factor or what 
combination of risk factors, contributes to ACL injuries. It is suggested that although 
ACL injuries result from an interaction of multiple risk factors, research needs to be 
directed towards risk factors that have the potential to be modified (McClay Davis & 
Ireland, 2001).  
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2.3.1 Non-modifiable risk factors 
2.3.1.1 Lower limb alignment  
Variables that define lower limb alignment have been implicated as contributing to non-
contact ACL injuries, particularly in females. Loudon, Jenkins, and Loudon (1996) 
examined 20 ACL injured female athletes and 20 age-matched controls, concluding that 
knee recurvatum and factors contributing to subtalar pronation discriminated between the 
ACL injured and non-injured groups, whilst pelvic position did not. In contrast, Hertel, 
Dorfman, and Braham (2004) compared 20 ACL injured subjects (10 females, 10 males) 
with an equivalent control group, reporting that navicular drop and anterior pelvic tilt 
significantly predicted ACL injury. However, these findings were regardless of gender. It 
may also be appropriate to question whether the postural anomalies identified in this 
retrospective study were a result of the injury as opposed to contributing to an increased 
propensity for the injury. Despite some consistency identifying subtalar pronation as a 
risk factor, it is suggested that pronation combined with other risk factors, for example 
knee recurvatum (Loudon et al.) or Q-angle (Shultz, Perrin, Carcia, & Gansneder) may 
better predict ACL injury risk. The inconsistent findings relating to pelvic position as a 
predictor of ACL injury, may be explained by the different methodology used to assess 
pelvic tilt. Various methodologies are a common limitation when examining postural 
anomalies and the relationship with injury risk.  
The weight-bearing navicular drop test is often used as a clinical measure of subtalar 
pronation (Hargrave, Carcia, Gansneder, & Shultz, 2003; Loudon et al., 1996). It is 
generally agreed that excessive navicular drop alters lower limb biomechanics, increasing 
an individual’s susceptibility to injury (Harmon & Ireland, 2000; Ireland et al., 1997; 
Medvecky et al., 2000; Toth & Cordasco, 2001). Excessive navicular drop has been 
linked with altered muscle activation patterns at the knee, potentially influencing 
functional knee stability (Shultz et al., 2002; Shultz, Perrin, Carcia, & Gansneder, 2002a). 
However increased subtalar pronation has also been shown to have no influence on 
impact forces or rate of loading during a single leg drop landing (Hargrave et al.). Thus, 
the role of pronation in influencing injury risk remains unclear. 
Females tend to have greater Q-angles in comparison to males (Griffin et al., 2000; 
Harmon & Ireland, 2000; Livingston & Mandigo, 1997; Moul, 1998). It is proposed that a 
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larger Q-angle may be associated with increased knee valgus during movement and 
consequently increased strain on the ACL (Pantano, White, Gilchrist, & Leddy, 2005). 
However, the relationship between Q-angle and ACL injuries in females is not clearly 
supported by scientific data. Gray et al. (1985) investigated Q-angle and ACL injuries in 
female basketball players and found no apparent relationship. Shultz et al. (2002) 
investigated Q-angle on reflex muscle activation patterns during a weight bearing task. 
Participants reflex response was measured during a lower extremity perturbation, a 
forward and either internal rotation or external rotation of the trunk and femur whilst 
weight bearing. It was found that the larger the Q-angle the slower the reflex time, 
consequently impacting on hamstring muscle activation patterns and thus potentially 
influencing functional knee joint stability (Shultz et al.). Pantano et al. measured knee 
valgus angle during a static and dynamic task, comparing subjects, including both males 
and females, with a high (S 17o) and low (L 8o) Q-angle and reported no significant 
difference in peak knee valgus between conditions or groups. Shambaugh, Klein and 
Herbert (1991) noted a link with patella related knee injuries and larger Q-angles, and 
proposed that mechanical disturbances may increase an athlete’s susceptibility to further 
lower extremity injury. However, when comparing studies Gray et al. defined Q-angles 
not exceeding 14o as within normal limits, similar to Schultz et al., whereas Shambaugh et 
al. recorded injured versus uninjured Q-angles at 14o and 10o respectively. Angles up to 
17o have been noted as within normal limits for females (Moeller & Lamb, 1997), 
highlighting a discrepancy within Q-angle research that may affect results regarding a 
relationship with ACL injury.  
Another methodological limitation with Q-angle research is the assumption of bilateral Q-
angle symmetry within subjects, which may have an impact on results. It has been 
suggested that assuming symmetry may be erroneous and relying on between group rather 
than within-subject designs may lead to discrepancies with Q-angle studies (Livingston & 
Mandigo, 1997). The error associated with identifying anatomical landmarks can also 
impact on the accuracy of Q-angle results (France & Nester, 2001). It was found that to 
limit Q-angle error under five degrees, an accuracy of less than 2mm in locating the 
centre of the patella is required (France & Nester).  
Several studies (Hume, Manning, Pinniger, & Steele, 1996; Pantano et al., 2005; Shultz et 
al., 2002) have attempted to show a functional link with Q-angle and dynamic joint 
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stability. However continued research is required to fully elucidate the influence of Q-
angle on ACL injury during functional sports tasks, when preparatory muscle activity 
may influence lower limb alignment and joint stability on landing.  
2.3.1.2 Intercondylar Notch 
The relationship between intercondylar notch characteristics and ACL injuries within 
females is a potentially contributing factor with equivalent results (Moeller & Lamb, 
1997). There is some evidence to suggest that notch size may increase an individual’s 
susceptibility to ACL injury (Ireland, Ballantyne, Little, & McClay, 2001). However, 
research surrounding the intercondylar notch considers a variety of parameters including 
ACL ligament size, notch shape, notch width in comparison to femur width (notch width 
index – NWI) and the ratio of the ligament width in comparison to the femoral 
intercondylar notch width (ACL:FIN width ratio).  
Ireland et al. (2001) indicated that a smaller notch width or NWI was a better predictor of 
injury than gender or notch shape. In contrast Rizzo, Holler and Bassett 3rd (2001) found 
a significant difference between gender and ACL widths, which may be attributed to the 
natural size difference between males and females. However Rizzo et al. found that the 
ACL:FIN width ratio was significantly smaller in females (.393 ±0.03) in comparison to 
males (.526 ±0.047). Mean results for notch width were 20.18mm in males and 20.50mm 
in females and the ligament was found to be 10.59mm for males in comparison to 
8.09mm for females (Rizzo et al.). A recent study supports similar findings, concluding 
that ACL size increased proportionally to the notch width in males, but not females 
(Chandrashekar, Slauterbeck, & Hashemi, 2005). However, the clinical significance of 
this finding is unclear. 
A number of methodological limitations exist when comparing studies surrounding 
intercondylar notch theories. The variety of parameters reported, as listed earlier, limits 
the capacity to compare results. The method for assessing notch measurement also varies. 
Rizzo et al. (2001) measured cadaveric specimens, Chandrashekar et al. (2005) used a 
three-dimensional imaging system on cadaveric specimens, whereas Ireland et al. (2001) 
used radiographic analysis of the notch view. Additional methods reported have included 
CT scan, computer graphics and callipers (Arendt & Randall, 1995).  
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2.3.1.3 Ligament Laxity 
Ligament laxity has been postulated as a risk factor for ACL injury. Females have been 
reported to possess inherently greater knee joint laxity in comparison to males, which has 
subsequently provided a possible explanation for the gender disparity in ACL injuries 
(Beynnon et al., 2005; Huston & Wojtys, 1996; Rozzi, Lephart, Gear, & Fu, 1999). 
Skinner, Wyatt, Stone, Hodgdon and Barrack (1986) also reported an increase in ligament 
laxity with exercise. Uhorchak et al. (2003) conducted a prospective evaluation of 859 
military cadets. It was found that an increase in generalised joint laxity was a risk factor 
for a non-contact ACL injury, and while it was concluded that females with a 
combination of risk factors were more likely to sustain a non-contact ACL injury, no 
gender specific bias with regards to ligament laxity was noted. In addition, the static 
measures of ligament laxity, often using the KT-1000/2000, may not represent ligament 
conditions during a dynamic task when injuries are more likely to occur (Harmon & 
Ireland, 2000). This is particularly relevant considering the viscoelastic structure of the 
ligament and the time-rate dependence it displays to loading (Fu et al., 1993). To date, 
therefore, there is limited evidence that has linked increased laxity with ACL injury in 
females and therefore this relationship remains unclear. 
More recently, Shultz, Carcia and Perrin (2004) conducted research to examine a 
functional consequence of increased ligament laxity that may elucidate a link with ACL 
injury risk. Subjects were divided into two groups according to anterior knee joint laxity 
(3-5mm versus 7-14mm as measured by a knee arthrometer) and subjected to various 
perturbations of the trunk and thigh whilst weight bearing (Shultz et al.). Muscle 
activation patterns were recorded and it was found that increased knee joint laxity resulted 
in delayed reflex timing and an increased reliance, as measured by muscle amplitude 
levels, on dynamic control of the muscles, particularly gastrocnemius and biceps femoris 
(Shultz et al.). Further research to expand on these findings in more game-like tasks may 
provide evidence for the link between knee ligament laxity and ACL injury that seems to 
date to be logical but inconclusive. 
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2.3.1.4 Hormonal Factors 
Oestrogen, progesterone and relaxin are the ovarian hormones primarily responsible for 
the cyclic changes to the endometrium (Hewett, 2000). It is suggested that two of these 
hormones, oestrogen and progesterone, have receptors that are located on the ACL 
(Hobbs, Shultz, Arnold, & Gansneder, 2001). Therefore it has been proposed that 
fluctuations of these hormones may have a similar cyclic influence on the injury risk for 
the ACL.  
It has been suggested that oestrogen affects fibroblast activity and collagen synthesis, 
which may alter the composition of the ligament, increasing susceptibility to injury (Liu, 
Al-Shaikh, Panossian, Finerman, & Lane, 1997; Romani, Curl, & Lovering, 2001). A 
reduction in collagen synthesis has also been linked to increased ligament laxity and 
therefore decreased tensile load and proprioceptive input (Hobbs et al., 2001). Oestrogen 
levels are considered to peak during the ovulation phase and a surge occurs during the 
luteal phase. Therefore it may be logical that if oestrogen has a detrimental effect on joint 
integrity, then a pattern of injury would emerge within these menstrual phases. Wojtys, 
Huston, Boynton, Spindler, and Lindenfeld (2002) examined urine samples to quantify 
hormone levels to determine the phase of the menstrual cycle and reported that within a 
sample of 65 females who sustained an ACL injury, 43%, 23% and 34% of injuries 
occurred during the ovulatory, follicular and luteal phases, respectively. Slauterbeck et al. 
(2002) also reported a bias of ACL injuries relative to the day of menses within a cohort 
of 38 females. Despite this, various authors have found no association between oestrogen 
levels and changes to knee laxity or the mechanical properties of the ligament (Beynnon 
et al., 2005; Van Lunen, Roberts, Branch, & Dowling, 2003; Warden, Saxon, & Turner, 
2005).  
The hormone relaxin is primarily responsible for promoting laxity during pregnancy. It is 
also secreted during the luteal phase of the menstrual cycle and although receptors for 
relaxin have not been noted on the ACL, it is believed that it does contribute to increased 
ligament laxity (Harmon & Ireland, 2000). However, it has been previously discussed that 
there is no direct link between increased ligament laxity and injury risk and hence may 
not support a relationship between relaxin and ACL injury.  
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Hormonal changes linked to the menstrual cycle may also be implicated within the non-
contact ACL injury mechanism by way of induced alterations in neuromuscular control. 
Changes in limb segment weights (Bunt, Lohman, & Boileau, 1989) and weaker and 
more fatigable muscles during the pre-menstrual phase, for example, may affect 
movement control and impair the ability of muscles to protect ligaments during motion 
(Rozzi, Lephart, & Fu, 1999; Williams & Krahenbuhl, 1997). 
There has been speculation that females using oral contraceptives have a decreased risk of 
traumatic injury, particularly during the pre-menstrual stage (Moller-Nielsen & Hammar, 
1989, 1991). A prospective study of female soccer players found lower injury rates for 
oral contraceptive users; however specific data on ACL injuries was not included 
(Moller-Nielsen & Hammar, 1989). It was proposed that oral contraceptive use reduced 
pre-menstrual symptoms which has been speculated to have an impact on neuromuscular 
control; but this is yet to be proven (Moller-Nielsen & Hammar, 1989). Hewett (2000) 
has also suggested that oral contraception may reduce VO2max levels and therefore this 
may be contraindicated for some endurance-based sports. Irrespective of the effect on 
injury rates and sports performance, the practicality of ethics and administering oral 
contraception to all female athletes is questionable. This may be due to a number of 
factors including personal and religious beliefs or medical contraindications.   
2.3.1.5 Previous Injury 
Wedderkopp et al. (1997) have found that an earlier injury was one of two major risk 
factors for the likelihood of re-injury in young female European Handball players. The 
odds ratio for re-injury was 6.77 (95% CI 3.28 – 13.87). Whilst these results are not 
specific to ACL injury, it was found that 35% of players who suffered a major injury had 
previously sustained an injury in that body location (Wedderkopp et al.). Lysens et al. 
(1984) also reported that 82% of re-injuries occurred at the same body segment, however 
were often a different type of injury. In contrast, Taimela et al. (1990) suggested that a 
direct correlation between an existing injury and the likelihood of re-injury does not exist. 
It was suggested that some individuals may just be more injury prone due to biological 
characteristics (Taimela et al.).  
Possible explanations for the re-injury rates found in the Wedderkopp et al. (1997) and  
Lysens et al. (1984) studies may be that injuries tend to recur at the point of weakness 
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within the whole body kinetic chain. Conversely, a previous injury may have produced a 
weakness specific to the injured site resulting in altered mechanics and therefore 
increased injury risk, but of a different nature. This is supported by recent findings by 
Waldén, Hägglund and Ekstrand (2006). It was found that Swedish male professional 
league footballers who had previously sustained an ACL injury had a higher incidence of 
new knee injuries, particularly overuse injuries, when compared to players who had not 
sustained an ACL injury. Lysens et al. also suggested that inadequate rehabilitation and 
premature return to play were two factors contributing to re-injury, which may also 
support the fact that the injured body segment has been required to withstand the demands 
of sporting performance with altered and possibly inadequate mechanics.  
2.3.1.6 Psychology 
Fawkner, McMurray and Summers (1999) examined the occurrence of minor life events 
and injury and found that a relationship did exist. Minor life events referred to negative 
situations that resulted in an increase in stress for the athlete, which are associated with 
factors that may influence performance such as muscle tension and distractibility 
(Fawkner et al.). Tamiela et al. (1990) supported this relationship between minor life 
events and physiological changes and indicated that accumulated life stressors can be 
linked with injury proneness. The need to examine individual personality traits as well as 
psychosocial factors has been identified in reference to injury susceptibility (Lysens et al., 
1984). It was found that extraversion and anxiety were linked with an increase in injury 
risk and therefore these factors may influence coping strategies in stressful situations 
(Lysens et al.). This suggests that it is not merely the presence of stress, but also coping 
strategies, that may increase an individual’s risk of injury and highlights the complexity 
of individual behaviour. 
Sporting performance can be considered a stressful situation, often resulting in 
nervousness prior to an event. It may be debated that the stress experienced during 
sporting situations is usually positive but, in some circumstances, it may be considered 
negative. It is also important to recognize that nervousness can vary for an individual in 
response to the demand of the sport and their own perceived ability. As more sporting 
injuries occur in the game situation in comparison to training (Hume, 1993) the anxiety of 
a game situation may result in effects such as increased muscle tension and subsequent 
increased injury risk.  
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2.3.2 Modifiable risk factors 
2.3.2.1 Skill level 
Skill level has been identified as a possible risk factor influencing injury susceptibility. 
Hopper, Hopper, and Elliott (1995) reported a higher injury rate in A grade netballers 
(54%) in comparison to lower graded players (19%) over a fourteen week netball season. 
In contrast, McKay, Goldie, Payne, Oakes, and Watson (2001) reported no association 
between injury and standard of competition in basketball. Harmon and Dick (1998) also 
found no relationship between skill level and injury within NCAA women’s and men’s 
basketball and soccer. Harmon and Dick suggested that defining skill, which comprises 
multiple factors is difficult, which may lead to gross inconsistencies between studies. 
2.3.2.2 Shoe – surface interface 
The interaction between the shoe - surface interface has been implicated when examining 
risk factors associated with ACL injury. Retrospective interviewing of athletes who 
sustained an ACL injury resulted in 21 out of 90 reporting that the shoe-surface interface 
caused the injury (Kirkendall & Garrett, 2000). It was reported that their footwear either 
became fixed to the ground or restricted their ability to pivot (Kirkendall & Garrett). In 
team handball, a higher risk of injury has been noted for females playing on a composite 
floor (generally higher friction) in comparison to a wooden floor (generally lower 
friction) (Olsen, Myklebust, Engebretsen, Holme, & Bahr, 2003). Orchard, Chivers, 
Aldous, Bennell, and Seward (2005) also found reduced ACL injuries in Australian rules 
football with a grass species that reduced “trapping” of the boot. It is also reported that 
fewer injuries occur when surface hardness is reduced and thus less shoe surface traction 
(Orchard & Powell, 2001). The contribution of high friction between the shoe and floor 
surface has also previously been suggested as a contributing factor to ACL injury 
(Bojsen-Moller & Magnusson, 2000). Steele and Milburn (1988a) recommended that 
optimal control is achieved when an athlete can alter speed of play without excessive 
slipping or sliding. However, the critical balance between frictional forces occurring 
within the limits of the musculoskeletal system needs to be achieved (Steele & Milburn, 
1988b).  
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2.3.2.3 Biomechanical risk factors 
A considerable amount of research has been conducted that examined biomechanical risk 
factors that have been proposed to contribute to non-contact ACL injury. Equally, there 
has been considerable diversity in which biomechanical variables have been researched. 
Therefore this section will focus on reviewing literature pertaining to the biomechanical 
variables relevant to the current study only. This includes understanding how abnormal or 
altered biomechanics have been suggested to impact directly on ACL injury risk, and the 
gender disparity, particularly during high-risk sporting tasks. 
A number of biomechanical parameters have been proposed to contribute to the risk of 
non-contact ACL injury and the associated gender difference in ACL injury rates. Studies 
often compare males and females in an attempt to understand why females are at greater 
risk of ACL injury (Decker, Torry, Wyland, Sterett, & Steadman, 2003; Ford et al., 2005; 
Kernozek, Torry, van Hoof, Cowley, & Tanner, 2005; Lephart, Ferris, Riemann, Myers, 
& Fu, 2001; Malinzak, Colby, Kirkendall, Yu, & Garrett, 2001; Salci, Kentel, Heycan, 
Akin, & Korkusuz, 2004; Swartz, Decoster, Russell, & Croce, 2005; Yu et al., 2005). 
Whilst this study design has indeed enabled researchers to formulate more specific tenets 
pertaining to female ACL injury risk, its underlying assumption of the male landing 
pattern being ‘ideal’ may be over simplistic and hence erroneous. Females, for example, 
may necessarily need to perform landing tasks differently to males to accommodate for 
structural differences. This needs to be considered when reviewing the current literature 
pertaining to gender specific contributors to ACL injury risk.  
The knee has been described as the primary shock absorber during landing, irrespective of 
gender (Decker et al., 2003). The knee joint extensors have also been shown to 
consistently contribute to energy dissipation over varying landing conditions (Zhang, 
Bates, & Dufek, 2000). Concurrent hip and ankle strategies are also employed to assist in 
force dissipation, but have been described as secondary shock absorbers (Decker et al.; 
Zhang et al.). Thus, it has been proposed that a more erect and therefore abrupt or stiff 
landing reduces the capacity to attenuate forces (Decker et al.; Devita & Skelly, 1992; 
Lephart et al., 2001). Females have been shown to perform a landing with a more erect 
posture, as defined by smaller hip and knee flexion angles, at initial contact (Swartz et al., 
2005; Yu et al., 2005) and during joint movement (Decker et al.; Lephart et al.; Salci et 
al., 2004; Yu et al.). Female volleyball players who land with decreased knee and hip 
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flexion in comparison to males have recorded higher vertical ground reaction (vGRF) 
forces (Salci et al.). Swartz et al. (2005) examined prepubescent children landing and 
although they found no gender differences, landing with less hip flexion also tended to 
record higher vGRF. In contrast, Lephart et al. found that despite females recording less 
knee flexion, no significant gender differences in vGRF were recorded. Devita and Skelly 
found a significant relationship between landing technique and GRF magnitude reporting 
a 19% reduction in impact stress on static structures when comparing soft versus stiff 
landing techniques. It is reasonable that females landing in a more abrupt or stiff landing, 
with a reduced capacity to attenuate forces are potentially at greater risk of an ACL or 
serious knee injury (Decker et al.; Devita & Skelly, ; Lephart et al.). However a direct 
relationship between GRF and ACL injury has yet to be determined. To date, current 
advances in musculoskeletal modelling provide the best opportunity to estimate and 
potentially understand the effect of external knee joint loading on the ACL, despite its 
limitations.    
It has also been found that females have a decreased time to peak angle of the hip and 
knee and therefore the capacity for dynamic structures to absorb force may be diminished 
(Schmitz, Thompson, Riemann, & Goldfarb, 2002b). There is also debate as to whether 
smaller knee flexion angles provide the quadriceps with a mechanical advantage to shift 
the tibia anteriorly and potentially induce ACL injury (Kirkendall & Garrett, 2000). 
DeMorat, Weinhold, Blackburn, Chudik and Garrett (2004) found that an aggressive 
quadriceps loading, imposed on a cadaveric specimen locked in 20o of knee flexion can 
result in sufficient anterior tibial translation to induce ACL injury. In contrast, McLean, 
Huang, Su and van den Bogert (2004) concluded, based on musculoskeletal modelling, 
that sagittal plane knee joint forces cannot rupture the ACL during a sidestep cutting 
movement. There is even suggestion that the quadriceps vector during a closed kinetic 
chain knee extension is inferiorly directed and therefore serves to protect the ACL 
(Bodor, 2001; McLean et al.). In addition, the effect of joint compression by way of axial 
loading and muscle contraction has also been proposed to reduce ligament loading in vivo 
(Hewett et al., 2005b; Kvist & Gillquist, 2001) and in vitro (Markolf et al., 1995; Torzilli, 
Deng, & Warren, 1994). Accounting for joint compression is often a key limitation with 
in vitro analyses, which DeMorat et al. acknowledged in their study. Irrespective of the 
aforementioned debate, the knee close to full extension remains implicated as a possible 
mechanism for ACL injury, particularly in females.  
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Valgus lower limb alignment has been identified as a primary ACL injury mechanism 
(Olsen et al., 2004). Valgus alignment or motion has been described as a combination of 
femoral adduction, knee abduction and ankle eversion, relative to the midline of the body 
(Hewett et al., 2005b). Larger knee valgus angles have been reported for females in 
comparison to males during both landing and sidestepping manoeuvres (Ford, Myer, & 
Hewett, 2003; Malinzak et al., 2001; McLean, Walker, & van den Bogert, 2005c; 
McLean, Huang, & van den Bogert, 2005a). Studies have also reported that females elicit 
greater knee valgus moments during both landing and sidestepping tasks (Chappell, Yu, 
Kirkendall, & Garrett, 2002; Hewett et al.; McLean et al., 2005a). McLean et al. recently 
examined joint kinematics across three high-risk sports movements. It was found that 
females consistently performed landings with greater knee valgus angles irrespective of 
task (McLean et al., 2005c). Relatively large peaks in stance phase knee valgus angles, 
stemming from rapid mediolateral tibial oscillations at impact (Ford et al., 2006; McLean 
et al., 2004b) also occur in women at a time which is consistent with when injury is 
proposed to occur (Ireland, 2002). Considering also the fact that knee valgus motions and 
loads cause significant increases in ACL loading (Kanamori et al., 2000; Markolf et al., 
1995) this common female trait may indeed precipitate their increased injury risk. In 
further support of this tenet, Hewett et al. found knee valgus motions and loads 
prospectively predicted ACL injury risk in young female athletes. Specifically, 205 
female adolescent athletes had lower limb kinematic and kinetic data recorded during a 
series of vertical drop jump trials. Nine of these athletes later sustained a non-contact 
ACL injury during the surveillance period. It was identified that the injured female 
athletes recorded greater knee abduction angles and moments at initial contact and 
maximum joint movement in comparison to their uninjured counterparts during the jump 
trials (Hewett et al.). Females have also demonstrated increased coronal plane excursion 
of the knee when compared with males during single leg drop landings from a 13.5cm 
block. These subjects were randomly instructed to drop off the block in the medial or 
lateral direction, landing on the preallocated limb (Ford et al., 2006).  
In addition, rotations through all lower limb joints, including tibial rotation, have also 
been implicated in ACL injury (Olsen et al., 2004). Lephart et al. (2001) examined single 
leg landings from a 16cm high platform, and found that females have greater femoral 
internal rotation and tibial external rotation in comparison to their male counterparts. 
Sigward and Powers (2006) have more recently compared males and females during a 
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sidestep cutting manoeuvre and found that females elicited a combination of smaller peak 
knee flexor moments and greater knee adductor moments. These studies provide evidence 
to support the fact that biomechanical characteristics of female landing patterns are 
consistent with injury mechanisms. However, it is still unclear why female athletes are at 
greater risk of sustaining an ACL injury whilst performing a common, albeit high-risk 
task.  
Kinematic and kinetic data enable musculoskeletal forces to be estimated within the body 
and may provide us with a valid tool for identifying injury risk. However, understanding 
the neuromuscular system that is ultimately responsible for movement as opposed to 
examining the effect (biomechanical factors) may provide further insight into increased 
injury risk in female athletes and also provide direction for intervention strategies.   
2.3.2.4 Neuromuscular risk factors 
During a high-risk sporting movement the neuromuscular system plays a role in 
controlling movement, providing functional joint stability in conjunction with passive 
structures and dissipating forces (Griffin et al., 2000; Hewett et al., 2005b; Zhang et al., 
2000). Hence, the neuromuscular system plays an important role in controlling 
biomechanical risk factors. Neuromuscular control is also becoming increasingly viewed 
as a primary risk factor for ACL injury, particularly in females (Griffin et al.). Gender 
differences in neuromuscular variables have been identified, however it is the capacity to 
modify neuromuscular factors that is considered a positive direction to channel research. 
The potential to modify neuromuscular factors, relating to ACL injury risk, is yet to be 
proven conclusively, however numerous studies implementing training programs have 
had positive results and will be discussed later in the review. A large number of studies 
have been conducted that have attempted to examine the relationship between 
neuromuscular control and ACL injury. Fewer studies exist however, that have used 
EMG recordings during a dynamic, weight bearing sports task. The focus of the current 
study is to primarily understand preparatory muscle activity for a high risk sporting 
movement. The following discussion therefore, will focus on studies that have attempted 
to examine neuromuscular characteristics that influence lower limb stability and control 
during high-risk sporting tasks.  
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2.3.2.4.1 Muscle activation strategies  
Muscles surrounding the hip and knee have the ability to stabilise lower extremity joints 
and support external loads, and thus potentially reduce ACL ligament loading (Besier, 
Lloyd, & Ackland, 2003; Neptune, Wright, & van den Bogert, 1999). It is proposed that a 
decrease in muscle activation of the trunk and hip may lead to lower extremity 
malalignment and subsequent injury risk (Hewett, Zazulak, Myer, & Ford, 2005). 
Activation strategies of musculature immediately surrounding the knee have also been 
shown to influence external loading (Lloyd & Buchanan, 2001) and have been implicated 
in potentially contributing to a higher ACL incidence in female athletes (Cowling & 
Steele, 2001c; DeMorat et al., 2004; Schmitz et al., 2002b). 
The role of the hip musculature to act primarily to stabilise the pelvis, as opposed to 
providing mechanical power, was proposed by Neptune et al. (1999). However the work 
of Neptune et al. only examined males and therefore conclusions cannot be drawn in 
relation to potential gender differences. It has also been found that trunk muscle 
activation occurs in anticipation of limb movement. Hodges, Richardson and Zia (1997) 
found that abdominal muscle activation to achieve spine stabilisation was related to hip 
movement and varied with hip direction. Whilst hip abductors were not examined 
specifically, this study demonstrated that muscle activation patterns play a role in 
achieving core trunk stabilisation in response to lower limb movement. With this in mind, 
the relationship between hip control and ACL injury has only recently been afforded 
attention, in particular as a possible explanation contributing to the gender disparity in 
ACL injury rates. Recently gender differences have been identified when examining hip 
motion during a sidestep task (McLean et al., 2004b). Females were shown to sidestep 
with increased hip external rotation, which probably contributes to increases in knee 
valgus loads and thus increased ACL injury risk (McLean et al.).  
It has been shown that muscle activation strategies exist to counteract external knee loads, 
thus reducing ligament loading (Lloyd, 2001; Lloyd & Buchanan, 2001). Lloyd and 
Buchanan estimated muscle contribution and external moments using an EMG driven 
biomechanical model of the knee. They found two activation strategies that support knee 
valgus/varus loading.  Co-contraction of the quadriceps and hamstrings provided the 
majority of support and gracilis and tensor fascia lata activation increased in response to 
increased loading. Selective activation patterns have also been reported to differ in 
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response to external loads for a preplanned versus unanticipated movement (Besier et al., 
2003). However, neither of these studies examined a potential gender difference. 
Fagenbaum and Darling (2003) did compare male and female EMG output, averaged over 
three 100ms periods relative to initial contact and normalised to a maximum voluntary 
isomeric contraction (MVIC) during jump landings. Similar muscle activation patterns 
were found for both males and females. EMG recordings and subsequent muscle 
activation, expressed as a percentage of MVIC, were examined for a cohort of fifteen 
healthy male and female athletes during four sporting tasks common to ACL injury 
(sidestep cut, cross-cut, stopping and landing) (Colby et al., 2000). It was found that 
quadriceps muscle activation levels increase prior to foot-strike, peaking mid-eccentric 
motion, with a concurrent sub-maximal activation of hamstrings (Colby et al.). Average 
knee flexion angle at initial contact was 22o and therefore it was concluded that the 
combination of increased quadriceps activity, reduced hamstring activity and low knee 
angle might contribute to excessive anterior displacement of the tibia and subsequently, 
increased ACL injury risk (Colby et al.). Despite a cohort of females and males within 
this study, no gender comparisons were noted suggesting that female and male strategies 
during high-risk tasks may be similar. 
The timing of muscle activation has been implicated in ACL injury risk, particularly in 
females. Cowling and Steele (2001c) found that males were more effective in recruiting 
their semimembranosus muscle in response to landing. It is suggested that hamstring 
recruitment closer to initial contact allowed for peak muscle activity to coincide with 
shear tibial forces, therefore protecting the ACL (Cowling & Steele). However this does 
imply that the hamstrings play a key role in protecting the ACL. Simonsen et al. (2000) 
investigated hamstring activation in an attempt to ascertain whether the hamstrings could 
protect the ACL during a side-cutting manoeuvre. It was concluded that the hamstrings 
were only activated 27-37% of their maximum and therefore, their ability to protect the 
ACL was marginal (Simonsen et al.). Muscle activation during dynamic landing tasks 
have also been explored by Schmitz et al. (2002b). Similar to Cowling and Steele, 
females were reported to activate their muscles further from initial contact (189.8 ±
7.7ms) in comparison to males (185 ±13.8ms), however this finding was the mean onset 
for three muscles (vastus lateralis, biceps femoris and gluteus medius) and the clinical 
significance of a five-millisecond difference may be questionable. However, Schmitz et 
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al. suggested that females earlier muscle activation, results in increased joint stiffness and 
greater load on non-contractile tissues to attenuate forces.  
These studies indicate that muscle activation strategies of the lower limb may impact on 
joint stability and lower limb control during high-risk sports tasks. However, it is still 
unclear what components of neuromuscular activation define poor neuromuscular control. 
Co-contraction, activation levels and timing of muscle activation, involving both the hip 
and knee musculature, have all been implicated in contributing to ACL injury risk. There 
is also growing evidence that muscle activation prior to contact during a high-risk 
sporting task influences the resultant moments applied to the knee and therefore injury 
risk (Besier, Lloyd, Ackland, & Cochrane, 2001; Cowling & Steele, 2001c).Various 
authors also support the notion that preparatory muscle activation is a very important 
component of neuromuscular control to provide the necessary joint stability and 
attenuation of forces during high-risk activities (Bencke, Naesborg, Simonsen, & 
Klausen, 2000; Chimera, Swanik, Swanik, & Straub, 2004; Lephart et al., 2005; Risberg, 
Mork, Jenssen, & Holm, 2001). Therefore further research is warranted in attempting to 
understand muscle activation strategies, prior to contact, of the lower limb during high-
risk tasks to examine whether muscle activation is occurring to provide a mechanical 
effect to influence joint stability and control.       
 2.3.2.4.2 Muscle strength  
Muscle strength has been considered as a potential risk factor for ACL injury. It is 
suggested that strength is necessary for neuromuscular control (Ferris et al., 2002). 
Lephart et al (2001) indicated that female muscle weakness may prevent controlled knee 
flexion at landing and consequently they land more abruptly. However it is suggested that 
strength is only effective when muscles are recruited with effective co-activation to 
achieve adequate joint compression and knee stability (Huston et al., 2000; Wojtys et al., 
1996).  
The relative strength, or ratio, between each muscle group has been proposed to explain 
why some injuries occur. Hewett (2000) suggested that there may be a direct correlation 
between pre-season strength imbalances and injury. However, Medvecky et al. (2000) 
found that a pre-season imbalance was not related to injury rate. Irrespective of this 
discrepancy, the common method for assessing quadriceps to hamstring imbalances 
27
(ratio) is by way of concentric isokinetic testing. Therefore, interpreting this data relative 
to functional activity may be erroneous.  
Despite the view that neuromuscular control is emerging as a primary risk factor for ACL 
injuries, particularly in females, there is no overwhelming evidence to substantiate this 
and explain how these neuromuscular risk factors manifest. As mentioned earlier, despite 
numerous studies that attempt to investigate neuromuscular risk factors, methodological 
limitations often precludes interpretation into the functional setting when injuries occur, 
or fail to examine preparatory muscle activity that ultimately influences joint loading post 
foot-strike. Ideally to understand neuromuscular control when injuries are more likely to 
occur, there is a need to measure neuromuscular factors within more realistic and game-
like settings. Numerous authors (Besier et al., 2001; McLean et al., 2005c; Pollard, 
McClay Davis, & Hamill, 2004; Sell et al., 2006) have shown that game-like inclusions 
incorporated into lab-based testing can impact lower limb control. Investigation of 
neuromuscular control however in a game-like environment will thus provide further 
insight into possible injury mechanisms and hence prevention strategies. Indirectly a large 
number of intervention programs that have based their training protocols on 
neuromuscular changes, have shown that they can reduce potentially hazardous 
biomechanical risk factors. The influence of neuromuscular risk factors on ACL injury, 
particularly in females, will be explored further when examining intervention research. 
2.4 Intervention programs 
Intervention programs aimed at modifying potentially hazardous lower limb 
neuromuscular control patterns continue to evolve. These programs tend to be based on 
findings, such as those presented previously, pertaining to biomechanical and 
neuromuscular risk factors. Such programs appear to be increasingly successful in 
reducing ACL injury rates in a variety of sports. A successful program has been defined 
as one which either reduces ACL injury rates over multiple seasons or reduces 
neuromuscular and biomechanical risk factors that have been associated with hazardous 
joint loading. A summary of programs deemed successful based on this premise are 
presented in Tables 2 and 3.  
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Table 2. Intervention programs that report success in reducing ACL injury rates.
Study N Sport Brief description of intervention program Results
Myklebust et al. 2003 N = 850 a European Handball* 5 – 7 weeks, 3 x p/wk, 15 min session – followed by 1 x p/wk
during the season
3 seasons: 1) control 2) 1st intervention season 3) 2nd intervention
season
5 phase program that included floor exercises (running & planting,
jumping and landing) mat exercises and wobble board exercises
Control season – 18 non-contact ACL injuries
2nd intervention – 7 non-contact ACL injuries
Hewett et al. 1999 N = 1263 Soccer, Basketball &
Volleyball**
6 weeks, 3 x p/wk, 60 – 90mins p/session
3 groups: 1) trained females 2) untrained females 3) control males
Phase I – technique
Phase II – build strength, power & ability
Phase III - performance
Total 14 serious knee injuries:
6 non contact ACL injuries – 5 untrained female
group, 1 male control group
2 contact ACL injuries – trained females
Caraffa et al. 1996 N = 600 Soccer Every day during preseason (min 30 days), 20 mins p/day
During the season – 3 x p/week
3 seasons
2 groups: 1) intervention 2) control
5 phases – balance board training
Control group: 1.15 ACL injuries p/team, p/year
Intervention group: 0.15 ACL injuries p/team,
p/year
Mandelbaum et al.
2005
N = 2757 b Soccer* Prevent Injury and Enhance Performance Program (The PEP
Program) – 3 x p/wk, 15 – 20 mins p/session
2 years (2000/2001)
2 groups: 1) intervention 2) control
Intervention group:
2000 – 88% decrease in ACL injuries compared
with the control group
2001 – 74% decrease in ACL injuries compared
with the control group
a Minimum N over 3 seasons
b Minimum N over 2 years
* Female specific study
**Both male & females included in study
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Table 3. Intervention programs that report success in potentially reducing ACL injury risk by influencing neuromuscular or biomechanical risk
factors through training.
Study N Sport Brief description of intervention program Pre- & post- testing protocol Results
Cochrane et al.
2003a
N = 60 AFL 12 weeks, 3 x p/wk, 30 mins p/session
5 groups: 1) free weights 2) machine weights 3)
balance training 4) machine weights & balance
training 5) control
Kinematics & kinetics recorded during running, sidestepping &
crossover cutting tasks
Balance training - < varus/valgus
loading & > knee flexion
Cochrane et al.
2003b
N = 60 AFL As above Muscle activation, kinematics & kinetics recorded during pre-
planned & unanticipated running, sidestepping & crossover
cutting tasks
Balance training - > co-contraction
Wojtys et al.
1996
N = 32 Generic** 6 weeks, 3 x p/wk, 30 mins p/session
4 groups: 1) isokinetic training 2) isotonic training
3) agility training 4) control
Anterior tibial translation (ATT) stress test with EMG
monitoring
Isokinetic peak torque & endurance tests for the knee & ankle
Agility group – improved spinal
reflex & cortical response times in
response to ATT
Chimera et al.
2004
N = 20 Soccer &
Hockey*
6 weeks, 2 x p/wk, 20-30 mins p/session
Progressive plyometric program inc. wall touches,
split squat jumps, lateral cone jumps, cone hops and
drop jumps
Preparatory & reactive EMG recorded during drop-jump trials
Vertical-jump height & sprint speed assessment
> preparatory adductor firing
> preparatory hip adductor-to-
abductor muscle co-activation
Hewett et al.
1996
N = 11 Volleyball* 6 weeks, 3 x p/wk, 2 hours p/session
Phase I – technique
Phase II – build strength, power & ability
Phase III - performance
Maximum vertical jump height
Muscle strength testing using a Biodex dynamometer –
isometric & isokinetic contractions
Force analysis tests – kinematics & kinetics recorded during 2
and 1 leg landings from a 2 foot jump
< peak landing forces
< knee abduction & adduction
moments
< side to side imbalances
> hamstring muscle power
> mean vertical jump height
Wilkerson et al.
2004
N = 19 Basketball* 6 weeks
As per Hewett et al. (1996) study.
Reciprocal-motion, concentric isokinetic peak-torque using a
Biodex dynamometer
Impact force testing – kinetic data recorded during a forward
step down test & forward lunge test
Agility testing – tracking of body core during a T-pattern
agility drill
> hamstring peak torque
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Powers et al
2004
N = 39 Soccer* One season - intervention incorporated into normal
training (The PEP Program)
Anthropometric data
Muscle activity, kinematics & kinetics recorded during side-
step cutting maneuver
> knee flexor moments
- prevented the increase of more
detrimental frontal plane moments
Lephart et al.
2005
N = 27 Basketball &
Soccer*
8 weeks, 3 x p/wk, 30 mins p/session
2 groups: 1) plyometric program 2) basic resistance
program
2 x 4 week phases:
Phase I – flexibility, resistance & balance exercises
(nb: this was identical for both groups)
Phase II – plyometric group – plyometric & agility
exercises
Isokinetic knee & isometric hip strength recorded using a
Biodex dynamometer
Anthropometric data
Preparatory & reactive EMG, kinematic & kinetic data
recorded during vertical jump
Both groups:
> knee extensor isokinetic strength
> initial contact & peak knee & hip
flexion
> time to peak knee flexion
> peak pre-active (time before
initial contact) EMG – gluteus
medius
> pre-active & reactive IEMG –
gluteus medius
Myer et al. 2005 N = 41 Basketball,
Soccer &
Volleyball*
6 weeks
2 groups: 1) intervention 2) control
4 components of training program: plyometric &
movement, core strengthening & balance, resistance
training and speed training)
Single leg hop and hold distance test
Vertical jump height test
Speed test (9.1m)
Strength testing – squat & bench press
Kinetic and 3D kinematic data collected during drop vertical
jump trials
> single leg hop distance & vertical
jump height
< sprint time
< knee valgus & varus torques
Holm et al. 2004 N = 35 European
Handball*
5 – 7 weeks, 3 x p/wk, 15 min session – followed by
1 x p/wk during the season
5 phase program that included floor exercises
(running & planting, jumping and landing) mat
exercises and wobble board exercises
Balance (KAT 2000), proprioception (threshold to detection of
passive motion), muscle strength (Cybex 6000) & 3 functional
knee tests (1 leg hop test, triple jump test & stair hop test) were
tested pre-training, at 8 weeks & 12 months
> dynamic balance
*Female specific study
**Both male & females included in study
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To deem which program may be “more effective” can only really be gauged from Table 2 
where ACL injury rate is the dependent variable. The difficulty however, is drawing 
conclusions regarding effectiveness when different methodologies have been 
implemented. Myklebust et al. (2003) and Mandelbaum et al. (2005) for example,  both 
implemented programs based on training three times per week for 15- 20 minutes per 
session. Whilst the duration of injury surveillance for both studies was over two seasons, 
Myklebust et al. reduced training frequency to once per week during the competition 
season. This study subsequently recorded a 61% reduction in non-contact ACL injury 
rate, in comparison to a 74% reduction in ACL injury recorded in the Mandelbaum et al. 
study. However, differentiation between non-contact versus a contact injury mechanism 
was not clearly defined and thus a direct comparison with the Myklebust et al. study 
cannot be made. Hewett et al. (1999) conducted a six-week program, training three times 
per week. Training duration was 60 – 90 mins, which is considerably greater than the 
other studies presented in Table 2. Following the six-week program, a prospective 
investigation of non-contact ACL injuries over one season in each respective sport was 
conducted. A 72% reduction in non-contact ACL injury rate in the trained group was 
found when compared with an untrained female and male cohort (Hewett et al.). A 
similarity between each of these studies is the training methods implemented. Each 
program contained some form of an educational component for safe landing, balance and 
strength training, and some form of plyometric or landing drills. Caraffa, Cerulli, Projetti, 
Aisa and Rizzo (1996) focused on implementing balance board training only, within a 
cohort of soccer players. An intense preseason program was conducted followed by a 
competition season schedule. A reduction in ACL injury rate was recorded, but again, 
determining if this program was more effective in reducing non-contact ACL injury is 
difficult as no differentiation was made between contact and non-contact injuries. Despite 
methodological differences, each study has shown that ACL injury rate can be reduced 
through neuromuscular-based training. The challenge is to determine what key 
components result in the most effective program for reducing ACL injuries specific to the 
female population.  
The intervention studies presented in Table 3 provide vital information for understanding 
what biomechanical or neuromuscular changes are occurring as a result of training 
programs that are designed to reduce non-contact ACL injury rates. These results, in 
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combination with findings from studies such as those presented in Table 2, provides the 
best opportunity to develop effective and efficient non-contact ACL intervention 
programs. Fortunately due to the known gender bias in ACL injury rates, the majority of 
these programs do focus on the female athlete. However, the variety of training programs, 
testing protocols and variables examined provides a similar limitation, as discussed 
above, when comparing studies. Training program duration varied between six to 12 
weeks, focusing on either specific (Chimera et al., 2004; Cochrane et al., 2003a; 
Cochrane et al., 2003b; Wojtys et al., 1996) or a combination  of  training methods 
(Hewett et al., 1996; Holm et al., 2004; Lephart et al., 2005; Myer, Ford, Palumbo, & 
Hewett, 2005; Powers, Sigward, Ota, & Pelley, 2004; Wilkerson et al., 2004). Of 
particular interest for this research is the examination of intervention programs that base 
their pre- and post- testing on high risk sporting tasks and examine EMG variables. With 
this is mind only four studies actually examined muscle activation strategies. Of these, 
two were during a side-step manoeuvre, one was during a vertical jump task and one was 
during a drop jump task. Three of these studies focused on females. A limitation in 
examining vertical landings in a sporting context may exist. With the exception of limited 
skills in sports, for example a block in volleyball, the majority of landings during sporting 
activities occur with a horizontal deceleration component, a common mechanism in ACL 
injuries, and muscle activation strategies may differ. Therefore, despite the success of the 
interventions presented and the potential contribution of neuromuscular risk factors to 
ACL injury, it is still relatively unclear what neuromuscular changes may be occurring 
that will contribute to a reduction in ACL injury, in females in particular, during game-
like situations.  
Contrary to the findings reported in Tables 2 and 3, there has been one study to date that 
has reported no change in GRF or muscle activation strategies about the knee, during a 
side-step cutting manoeuvre in healthy male athletes, post a 12-week training program 
(Bencke et al., 2000). A possible explanation for this is that muscle activation strategies 
and co-contraction of the knee joint muscles during this task, for this population (N = 17) 
were optimal. It is tempting to hypothesise that if females can achieve similar timing of 
muscle activation and co-contraction levels as the males in the Bencke et al. study, ACL 
injury risk may reduce. However this is potentially erroneous, as it assumes that the male 
landing pattern is the ‘ideal’ and appropriate for females. The challenge is to understand 
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the muscle activation strategies of females and subsequently what may be ‘ideal’ to 
reduce ACL injury risk.  
2.4.1 Limitations with current intervention programs 
Despite the success of current intervention programs, as shown in Tables 2 and 3, there is 
some suggestion that ACL injury trends continue to exist in some sports. Agel et al. 
(2005) has found that ACL injury rates in NCAA female basketball and soccer have 
remained consistent over the past 13 years. This fact is a concern since some key 
intervention programs have been implemented within these sports. Hence, if 
neuromuscular control is indeed a key component of the non-contact ACL injury 
mechanism, then it may be that current strategies continue to exclude key components of 
the injury mechanism. Conversely, there are some limitations with current intervention 
programs that, once addressed, may improve the efficacy of intervention strategies.  
2.4.1.1 The effect of training modalities 
Currently a number of successful intervention strategies have used a variety of training 
modalities. However, it is often acknowledged that it is important to determine the effect 
of each component (Myer, Ford, McLean, & Hewett, 2006; Myklebust et al., 2003; 
Wedderkopp, Kaltoft, Holm, & Froberg, 2003).  Various authors have attempted to isolate 
some common training methods employed in intervention programs. Cochrane et al. 
(2003a; 2003b) compared strength and balance training in combination and isolation, 
reporting that balance training had the greatest influence on reducing potentially 
hazardous joint loads. It was also noted that strength training appeared less favourable for 
joint stability, reporting an increase in varus/valgus moments post- training (Cochrane et 
al.). Chimera et al.(2004) focused on plyometric training only, reporting an improvement 
in preparatory muscle activity that may enhance functional joint stability and therefore 
reduce injury risk. This training method is also supported by LaStayo et al. (2003) who 
suggested that structural changes that result from the eccentric loading may contribute 
favourably to injury prevention. Caraffa et al. (1996) also showed reduced ACL injury 
rates with ankle disc training only. Myer et al. (2006) compared plyometric training with 
dynamic stabilisation and balance training. It was concluded that both forms of training 
reduce lower extremity valgus measures and thus should be incorporated into ACL 
prevention programs (Myer et al.). Lephart et al. (2005) attempted to compare plyometric 
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training with a basic resistance training program. However, both intervention groups 
performed the same resistance training regimen for the first half of the training period, 
followed by one group continuing with a plyometric program whilst the other continued 
with the resistance format (Lephart et al.). Results indicated that both groups made 
favourable changes that may reduce ACL injury risk and the authors concluded that 
plyometric training may be used, with strength training, to further improve the desired 
outcomes of intervention programs (Lephart et al.). However, this intervention program 
highlights some common limitations with studies where a variety of training modalities 
are often included.  
First, the resistance program used by Lephart et al. included flexibility, balance and 
resistance exercises. Similarly, Hewett et al. (1996) conducted a plyometric program that 
included jump training, weights and stretching. Hence, understanding which component 
creates the desired effect is difficult. Secondly, due to the inclusion in a number of 
intervention strategies, there seems to be an assumption, albeit logical, that strength 
training is an important foundation for intervention programs. Cochrane et al. found 
strength training to be less favourable and so programs that include strength training, 
particularly free weights, may be reducing the efficacy of the intervention program. In 
addition, as discussed earlier, there is no evidence that strength is a key risk factor for 
ACL injuries and that muscle activation strategies may be more important. Wojtys et al. 
(1996) examined agility versus strength (isotonic and isokinetic) training, reporting 
improved muscle reaction time to potentially hazardous joint loads for agility training in 
comparison to strength training. It seems that balance, landing training (eg. plyometrics) 
and sports specific skills may be key factors for intervention programs. Myklebust et al. 
(2003) implemented a successful intervention program that did include all of these 
components; however they also acknowledged that it is important to understand what 
impact each component had on the program’s success. The challenge is to understand 
how each training component influences neuromuscular characteristics and subsequent 
joint loading and then whether a combination of training modalities provides the optimal 
program. However, as shown in Tables 2 and 3, very little evidence of what 
neuromuscular changes result from each training modality exists. This highlights a 
priority research area in an attempt to produce the most effective intervention programs. 
In addition, it is important to understand these changes specific to the female athlete and 
then attempt to understand if that change influences injury risk. 
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2.4.1.2 Game versus Laboratory measures 
Another potential limitation of current intervention strategies, specifically those that 
attempt to demonstrate changes to neuromuscular and biomechanical risk factors, is that 
they are typically validated with simple and often non-sport specific tasks. Furthermore, 
neuromuscular risk factors have been defined based on lab-based studies; meaning that 
current intervention programs may not be targeting key elements of high-risk tasks 
performed during game play. It also remains unclear whether intervention strategies 
transfer into game-like skills. Typically, where in game analysis has been examined 
within sports, it has included time-motion analysis or heart rate recordings to determine 
physiological demand (Dawson, Hopkinson, Appleby, Stewart, & Roberts, 2004; 
Krustrup, Mohr, Ellingsgaard, & Bangsbo, 2005; Mohr, Krustrup, & Bangsbo, 2005; 
Spencer et al., 2005; Spiering, Wilson, Judelson, & Rundell, 2003). This is a crucial 
component of intervention programs as the primary objective is to alter potentially 
hazardous postures within the game setting, when injuries are most likely to occur 
(Gomez et al., 1996). Regardless of the chosen intervention strategy, its ultimate success 
can only be determined if examined within the context of movements eliciting realistic 
‘game-like’ complexities. The continuing ACL injury rates found by Agel et al. (2005) 
may be explained by the fact that we cannot ensure that ‘successful’ intervention effects 
are being transferred into the game. However, it is important not to disregard the studies 
that define success based on ACL injury rate (Table 2) as it is inadvertently assumed that 
the intervention strategies have transferred into the game setting and thus a reduction in 
ACL injuries (Caraffa et al., 1996; Hewett et al., 1999; Mandelbaum et al., 2005; 
Myklebust et al., 2003). Despite the inherent difficulties of testing within the game 
setting, there has been a recent emergence of research attempting to examine 
biomechanical and neuromuscular parameters in the game environment.  
Besier et al. (2003; 2001) compared running and cutting manoeuvres during unanticipated 
and preplanned conditions using a cohort of eleven healthy male subjects. Besier et al. 
constructed a target board with light emitting diodes that indicted to the subject which 
experimental task to perform. During the preplanned condition the subjects were aware of 
the allocated task prior to the run-up, in comparison to the unanticipated condition when 
subjects became aware of what task to perform just prior to reaching the force plate. 
Results indicated that varus/valgus and internal/external rotation moments increased 
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significantly with unanticipated cutting manoeuvres. In comparison, flexion/extension 
moments remained similar between conditions (Besier et al.). Generalized co-contraction 
was also the adopted muscle activation strategy during the unanticipated cutting 
condition. Generalized co-contraction was characterized by having no significant 
differences between medial and lateral muscle activation in response to varying 
unanticipated tasks. By comparison, a selected activation pattern during the preplanned 
conditions was found (Besier et al.). Although this study did not include a female cohort 
to elucidate gender differences, it does provide evidence that game-like tasks affect 
neuromuscular and biomechanical characteristics. 
The inclusion of a defensive opponent, which better reflects the execution of the cross 
cutting manoeuvre during the game setting has been shown to influence joint loading 
(McLean et al., 2004b). McLean et al. found that the simulated defence task resulted in 
lower limb movements and forces that render a female more susceptible to ACL injury. In 
particular, females recorded increased knee valgus loading, which has been linked with an 
increased incidence of ACL injury in females. In contrast, Pollard, McClay Davis and 
Hamill (2004) investigated gender differences during a randomly cued cutting 
manoeuvre. As subjects approached the testing area, a target board was triggered to signal 
which one of three tasks was to be performed; a 45 degree cutting manoeuvre, a straight 
ahead run or jump stop. Investigators only examined the results from the cutting task and 
found no significant differences that would explain why females are more susceptible to 
ACL injury during a randomly cued manoeuvre. It is possible however, that the findings 
of Pollard et al., did not accurately reflect a game environment as subjects were required 
to respond to a random task as opposed to responding to a random occurrence in the 
surrounding environment. It is possible that during a game, players are aware of the sports 
task they are most likely to perform and responding to what is around them impacts 
neuromuscular and biomechanical characteristics. Consequently when attempting to 
replicate that game situation, manipulating the environment rather than the task may be 
more appropriate. Sell et al. (2006) examined the same task, a two-foot stop jump, whilst 
manipulating the direction of jump (vertical, left and right) during a planned or reactive 
condition. A cohort of adolescent male (N=18) and female (N=17) basketball players 
were compared (Sell et al.). Findings supported McLean et al’s study, with females 
recording greater knee valgus loading and landing with a more erect posture during the 
reactive jump, or more game-like conditions (Sell et al.). However, the experimental task 
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used by Sell et al. may be considered conservative as key factors that were not included 
that may have resulted in increased knee joint loading were a run up, single leg landing 
and rotation during the change of direction.  
Cowling and Steele (2001a) examined the effect of upper limb motion associated with 
catching a ball, common to most sporting tasks, and the influence on neuromuscular and 
biomechanical characteristics during landing. Eighteen subjects (seven male, eleven 
female) were required to perform an abrupt single leg deceleration, which included 
catching a chest height pass. Rectus femoris was reported to activate 61ms prior to initial 
contact during the no catch condition in comparison to 86ms during the catch condition 
(Cowling & Steele). Additional significant findings were that muscle activation of rectus 
femoris and biceps femoris altered in comparison to peak tibiofemoral shear forces 
between each condition. Despite the inclusion of both genders within the study, no 
comparison was reported. However, this further supports the fact that more game-like 
complexity can produce significant and substantial differences in risk factors that may 
influence ACL injury. Subsequently, examining more game-like and sport specific skills 
is paramount in an attempt to develop effective intervention programs. 
To date, limited numbers of intervention studies (Cochrane et al., 2003b; Cowling et al., 
2003) have based their pre- and post- testing protocol using a sport specific skill. 
Cochrane et al.’s testing involved a running, sidestepping and cross over cutting 
manoeuvre and subsequently found that balance training significantly reduced knee joint 
loading in comparison to strength training groups. Cowling et al.’s study involved 
subjects’ executing an abrupt single leg deceleration, whilst catching a ball, which 
subsequently reported no significant differences in group means after a hamstring 
biofeedback intervention program that aimed to train dynamic quadriceps-hamstring 
muscle synchrony. Whilst these studies have attempted to demonstrate the effect of 
training methods during functional sporting tasks, they also highlight the need to better 
understand neuromuscular and biomechanical characteristics and risk factors during the 
game setting. Therefore, it is of paramount importance to investigate the game setting and 
attempt to create a valid lab based measure that best reflects the complexity of task 
experienced within the game environment. Only then can we begin to truly understand the 
impact of various training modalities and subsequent success of intervention programs, 
particularly in reducing ACL injuries within female athletes. 
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2.4.2 Designing intervention programs 
Key considerations when designing an intervention program have been previously 
discussed. In summary, it is important to better understand the influence of individual 
training modalities on neuromuscular and biomechanical characteristics and explore the 
potential relationship with ACL injury risk factors, particularly in females. Concurrently 
it is vital to understand whether neuromuscular and biomechanical changes as a response 
to the intervention program are potentially transferring into the game setting. However, 
the efficacy of an intervention program is often dependent on the effectiveness of 
program delivery, which includes providing education and feedback whilst athletes are 
developing new skills and habits. Ultimately a successful intervention program is one 
where athletes incorporate prevention exercises as a component of their regular exercise 
regimen, thereby considering factors that influence athlete compliance to the program.  
2.4.2.1 Instructional techniques 
Current intervention studies incorporate some form of instruction or education whether it 
is via verbal communication, video or instruction booklets into their program. Instruction 
has been described as an important aspect of any training program (Onate et al., 2005). 
Myer, Ford, and Hewett (2004a) suggested that a strength of some key intervention 
programs is the consistent and constant feedback that is provided to participants. Onate et 
al. recently examined the use of a variety of videotape feedback models to potentially 
lower peak vGRF, and subsequently reduce lower extremity injuries. It was reported that 
if athletes can view their own performance in addition to receiving expert feedback, then 
more ideal landing characteristics were adopted (Onate et al., 2005). Video-based 
instruction has been used in a variety of successful ACL injury prevention programs. 
Hewett et al. (1999) designed and implemented a jump training video that has been 
utilised in more recent programs (Wilkerson et al., 2004) where ACL injury rates and an 
increase in peak hamstring torque were reported respectively. Myklebust et al. (2003) 
conducted a successful, prospective intervention program, distributing posters and videos 
to all teams within the study. In addition, a physical therapist was asked to supervise each 
training session and athletes were also encouraged to provide feedback to each other 
(Myklebust et al.). The above methods for providing instruction and feedback are 
important in teaching the preferred landing pattern and increasing subjects’ awareness of 
poor landing techniques. In addition to providing instruction, there is some evidence that 
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the schedule for providing feedback is also critical to maximise the chance of athletes 
executing the optimal strategy in the real setting. It has been reported that less relative 
frequency of knowledge of performance during a multi-limb closed sport skill, eliminated 
a dependency to rely on feedback to guide skill acquisition (Weeks & Kordus, 1998). 
This means that if feedback is given consistently, the performer often relies on this to 
execute skills, as opposed to developing independence in identifying non-preferred skill 
acquisition. In addition, it has also been found that reducing the frequency of feedback, 
results in improved performance during delayed retention trials, particularly when 
feedback was absent (Butki & Hoffman, 2003). To date, there is no evidence of structured 
feedback schedules being implemented in current ACL intervention programs to promote 
the transfer of landing technique training into the game setting. To potentially improve 
the efficacy of current intervention strategies, it is important to develop a feedback 
structure. A reduction of feedback schedule will provide an opportunity to facilitate 
learning an optimal landing pattern. More importantly, this would decrease the 
dependence on feedback and promote the chance of using the optimal strategy in the real 
setting. 
2.4.2.2 Compliance 
Understanding the level of compliance required to achieve desired outcomes of the 
intervention program is crucial. If athletes do not engage in the successful intervention 
strategies that are currently being designed and researched, then all of the research is 
redundant. The challenge is to design the most effective program, which includes 
understanding the minimum time period required to undertake the program. It is also 
important to consider that not all athletes who participate in sport engage in regular 
training periods and therefore if the goal of injury prevention is to target the diversity of 
athletes within the community, understanding the key elements and time demands of an 
effective program are even more crucial. Intervention programs presented in Tables 2 and 
3 indicate varying time demands for the athlete. The duration required to complete the 
intervention session varies from 15 – 20 mins, up to 90 mins – 2 hours. This suggests that 
the longer sessions may be unnecessary as all programs presented represented successful 
interventions. It is important to report the compliance level within future intervention 
studies and consider designing programs that may better reflect an achievable 
participation level for the majority of the athletic community. 
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Few current intervention studies report compliance levels, and of these, there are some 
differences in what compliance represents. Myklebust et al. (2003) conducted a 
prospective study involving large numbers of teams and compliance was reported relative 
to team participation over the various seasons. Compliance levels of 26 – 29 % were 
recorded for seasons one and two, respectively (Myklebust et al.). However, individuals 
were required to participate in a minimum number of sessions, with a minimum of 75% 
of the team meeting this requirement before the team qualified as compliant. Mandelbaum 
et al. (2005) also conducted a large prospective study, using compliance forms to ensure 
that the quality of the program was assured, as opposed to reporting the level of 
participation within the program. Hence, it is difficult to compare what levels of 
compliance may be necessary to ensure a successful intervention program. Despite a large 
number of subjects (N=366 in the training group) Hewett et al. (1999) conducted a jump 
training program over a six-week period. Participants were required to participate in a 
minimum number of sessions that equated to four weeks within the program (Hewett et 
al.). A final compliance level of 70% was recorded for this study; however, session 
durations were approximately 60 – 90 mins to be conducted three times per week. It may 
be questioned whether participating in this program on a regular basis, as an addition to 
training would be viable due to the time commitment. Also, the consistency of 
participation may impact final study results. Using the Hewett et al. study for example, 
subjects who may have participated in the first four weeks of the program and thus 
qualify for compliance failed to participate in the final two weeks prior to testing. Vice 
versa, an athlete may participate in the final four weeks only; it is unknown what 
influence a situation such as this may have on final results. The consistency of 
participation may be as important as the final gross level of participation when reporting 
compliance levels.  
The design of future intervention programs could also consider the effect of home-based 
programs, thus reducing the reliance on experts to conduct and supervise sessions. A 
recent study examined the effectiveness of a home-based balance-training program in 
reducing lower limb sports injuries in adolescents (Emery, Cassidy, Klassen, Rosychuk, 
& Rowe, 2005). Subjects were required to perform a daily session for six weeks followed 
by a weekly session for six months. Testing protocol was based on performance measures 
collected biweekly for the six weeks. Results indicated improvements in both static and 
dynamic balance for the intervention group when compared with a control group (Emery 
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et al.). This study provides insight into an alternate mode of intervention delivery, which 
may facilitate intervention strategies reaching the wider athletic population. Further 
research thus appears warranted to expand our understanding of the effectiveness of 
home-based programs.  
2.4.2.3 The Hawthorne effect 
It would be remiss to not acknowledge the Hawthorne effect when examining 
intervention programs within the realm of research. It suggests that a placebo effect of 
being involved in an intervention study, irrespective of the experimental group, may 
influence results (Parkkari, Kujala, & Kannus, 2001; Wedderkopp, Kaltoft, Lundgaard, 
Rosendahl, & Froberg, 1999). An awareness of personal risk is suggested as a possible 
explanation for a placebo effect (Parkkari et al., 2001). This implies that the inclusion of 
education and awareness of personal risk may have a role in reducing injury, irrespective 
of the physical program. Therefore it is important to develop an adequate study design to 
control this and acknowledge limitations often associated with intervention programs, 
such as voluntary enrolment in the research. 
2.5 Netball 
Netball is a sport most commonly played in Commonwealth countries and has the highest 
participation rate for high activity team sports in Australia (Taylor, 1999). It is a sport that 
caters for all ages and skill levels, however is predominantly played by females (McGrath 
& Ozanne-Smith, 1998). It is a fast game involving sudden changes in direction or rapid 
decelerations, quite often associated with leaps to perform attacking or defending 
manoeuvres (Steele & Lafortune, 1989; Steele & Milburn, 1987). Netball has a reputation 
for a high incidence of ACL injuries (Otago, 2004). An Australian study comparing 
netball and basketball injuries, found that netballers were five times more likely to sustain 
a severe knee injury in comparison to basketball players, with an ACL rupture rate of 0.4 
per 1000 player hours (ASMF, 1993). In comparison, no ACL rupture in basketball 
competition occurred during the study (ASMF, 1993). A two-year prospective study of 
knee injuries in netball throughout Australia reported a total of 122 knee injuries, which 
includes 76 ACL injuries (Otago, 1998). Of these, values for the frequencies of 
mechanisms indicated that 72.4% of ACL injuries occurred at landing and 10.5% resulted 
from a sharp twist or turn (Otago, 1999). Hume and Steele (2000) also indicated that a 
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frequent cause of injury in netball is incorrect landings. It is suggested that landings 
influence musculoskeletal stress to the greatest extent in comparison to court surface or 
footwear (Steele, 1990). Whilst ankle injuries are ranked as the highest injury within 
netball (39%), knee injuries are ranked second (17%) and have been reported as the single 
largest cost in netball (Egger, 1990; Neal & Sydney-Smith, 1992). Netball is also 
governed by a non-contact style of play. Therefore, netball provides an excellent 
opportunity to study an appropriate cohort of females that regularly perform landing 
manoeuvres consistent with non-contact ACL injury mechanisms.     
A netball game involves two teams of seven players on the court at one time. The court is 
divided into thirds, sectioned across the width of the court. Each player is allocated a 
position, which is defined by the third/s in which they are allowed to engage in play. The 
position played does not seem to correlate with injury risk. Hume (1993) indicated that 
wing defence (19.4%) and centre players (18.7%) were more likely to sustain an injury, 
followed by goal defence (14.2%), goal attack and goalkeeper (11.2%) and goal shooter 
and wing attack (10.4%). However these statistics are not exclusive to ACL injury. Otago 
(1998) found that within a cohort of 76 ACL injured netballers, goal attack accounted for 
25.3% and goal defence players made up 17.3% of these injuries. However these findings 
were not significant (Otago, 1998). This infers that landing techniques may increase ACL 
injury susceptibility for all players rather than positional demands.   
The approach to landing in netball has been classified as either a hop or a leap technique 
(Steele & Milburn, 1987). The hop approach refers to players who take-off and landing 
on the same limb, whereas the leap approach indicates that the take-off limb and landing 
limb are opposite (Steele & Milburn, 1987). Steele and Milburn (1987) report that the 
majority of subjects use a leap approach (75.9%) in comparison to the hop (16.5%) or 
mixed (7.6%).  
Various factors have been proposed to influence landing technique in netball. Steele and 
Lafortune (1989) suggested that the type of pass, approach to the ball, opposition, court 
surface, footfall patterns, footwear and actions required post landing can all impact on 
landing forces and subsequent joint loading. The footwork rule has also been suggested as 
a potential precursor to ACL injury. However, investigation into altering this ruling 
indicates that pass height may be more effective in reducing vGRF rather than allowing 
an extra step on landing (Steele & Milburn, 1988b). More recently Otago (2004) reported 
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that allowing an extra step on landing tended to just increase the loading rate on the 
second leg and confirmed that various pass heights do affect vGRF and braking forces. 
These variable affecting loading forces will be discussed in the following review of 
neuromuscular and biomechanical research that has been conducted specific to netball. 
2.5.1 Loading Rates 
Although no direct causal relationship has been found between load and injury (McNitt-
Gray, 2000) it has been previously discussed (2.3.2.3) that various, and potentially 
hazardous, landing postures can increase loading and potentially render athletes more 
susceptible to injury. Loading rates have been examined in netball for the purpose of 
understanding the resultant forces of various techniques, for example, footfall patterns, 
pass heights or proposed rule changes (Hopper, McNair, & Elliott, 1999; Neal & Sydney-
Smith, 1992; Otago, 2004; Steele & Milburn, 1988b). Vertical ground reaction force 
(vGRF) and braking forces (BF), which represent the antero-posterior ground reaction 
forces, are commonly referred to. The leap landing is often used as a common reference 
in netball studies. Table 4 provides a brief summary of loading rates recorded during a 
standard leap landing. 
Table 4. A summary of mean (standard deviation or range) loading rates recorded during 
a standard leap landing in netball. 
Study peak vGRF (BW) peak BF (BW) time to peak vGRF- ms 
time to peak BF - 
ms 
Otago, 2004 4.25 (0.09) 1.36 (0.031) 42.1 (3.62) 44.7 (3.85) 
Neal & Sydney-
Smith, 1992 4.65 (2.71-7.28) 2.28 (1.90-2.83)  33.6 (7-16) 23.6 (7-12) 
Steele & Milburn, 
1988b  3.8 (1.93-5.12) 4.02 (1.50-5.68) 23.8 (8.6) 29.0 (6.8) 
Hopper et al. 
1999  3.37 43.71 
2.5.2 Footfall pattern 
Steele and Milburn (1987) classify footfall patterns as either heel, forefoot or flat-footed. 
It was found that landing predominantly occurred with the heel of the foot (83.6%) in 
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comparison to forefoot (6.3%), flat-footed (2.5%) and mixed (7.6%). No differences were 
found between the dominant and non-dominant limb. A 30% reduction in vertical force 
loading has been reported when comparing forefoot landing with heel strike landing (Neal 
& Sydney-Smith, 1992). Peak vGRF of 3.96 BW was recorded during a forefoot landing, 
compared with 5.42 BW during a heel strike landing. However, the influence of pass 
height has also been reported to increase the percentage of forefoot landings (Hopper, Kai 
Lo, Kirkham, & Elliott, 1992; Steele & Lafortune, 1989). Despite evidence that a heel 
strike landing increases vGRF and possible injury risk, it is unrealistic to encourage all 
netball players to perform landings on their forefoot; efforts would be better spent 
educating players to execute landings more effectively to attenuate forces. 
2.5.3 Pass height 
The average time to peak vGRF (39.5 ±20.0ms) and magnitude of vGRF (3.69, range 
1.65 – 6.79) are shown to increase and decrease respectively when a high pass is received 
(Steele & Milburn, 1988b). Also, the magnitude of braking forces has been reported as 
lower for a high pass (Steele & Milburn, 1988b). In contrast, Otago (2004) found that a 
high pass resulted in significantly higher braking force loading rate and shorter time to 
peak BF.  Neal and Sydney-Smith (1992) found no difference in peak vGRF when 
receiving a chest height pass in comparison to a high pass. Despite these discrepancies, it 
would be vital to understand the consequence of encouraging one pass over another on 
performance, taking into account injury risk, before making such recommendations to 
coaches and players.  
2.5.4 Approach speed 
Neal and Sydney-Smith (1992) examined the effect of approach speed on vGRF. It was 
concluded that a lower approach speed (3.28 m/s compared with 4.30 m/s when receiving 
a chest pass), usually associated with receiving a high pass, results in decreased vGRF. It 
was suggested that approach speed accounts for 12% of variability in vGRF results (Neal 
& Sydney-Smith). Steele and Milburn (1988b) did not consider approach speed, however 
the findings from Neal and Sydney-Smith provides an explanation why lower vGRF 
results were found with the high pass. It is important to consider the influence of 
approach speed when designing a study that involves a run-up and landing task.  
45
2.5.5 Kinematic data 
Few studies have examined knee angle at landing during netball leap landings. Steele and 
Milburn (1987) investigated 21 centre court netball players and found that the mean knee 
angle at landing was 165.7o (range 150.2 – 169.2). In comparison, Otago (2004) reported 
larger knee flexion angles, or landing with the knee more extended. Otago recorded knee 
flexion angles from 172.8 – 178.9o. In addition, knee abduction/adduction angles were 
found to range from 1.0o of adduction to 2.9o of abduction, and tibial external rotation of 
7.8o to 11.2o (Otago). Therefore, the findings from both studies support that female 
netball players are landing with knee angles close to extension, with concurrent knee 
valgus and tibial rotation that may render female netball players susceptible to ACL 
injury. However, additional work is warranted to gain further insight into kinematic risk 
factors associated with ACL injury and netball players. 
2.6 Methodology 
This section will examine methodological considerations relevant to the testing and 
analysis procedures used throughout this study. Rationales for the electromyography 
(EMG) and kinematic procedures used will be examined, including a brief explanation 
why kinetic data were excluded from this study. Lastly, additional concepts that may 
impact upon the results have also been presented. 
2.6.1 Electromyography (EMG) 
Electromyography (EMG) is widely used to investigate muscle activation strategies that 
contribute to human movement. The use of surface EMG (sEMG) is considered 
favourably due to its non-invasive method to provide valuable physiological information 
(DeLuca, 1997). However, various authors suggested that in order to make a viable 
contribution to research using EMG, the limitations of sEMG need to be considered 
(Cram, Kasman, & Holtz, 1998; DeLuca, 1997).  
2.6.1.1 Electrode placement and subject considerations 
Electrode placement can be influenced by extrinsic or intrinsic factors. Extrinsic factors 
include the electrode being used, electrode placement relative to muscle motor points and 
electrode placement relative to the location of surrounding muscles, and hence the level 
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of cross-talk (DeLuca, 1997). Also the orientation of the electrodes with respect to the 
muscle needs to be considered (DeLuca). In an attempt to standardise the placement of 
electrodes to enable better practice using sEMG and comparisons between studies, Cram 
et al. (1998) have developed an atlas for electrode placement. This enables practitioners 
and researchers to reflect on what information they are interested in from the EMG 
recordings and place electrodes accordingly.  
Intrinsic factors are often uncontrollable and refer to physiological, anatomical and 
biochemical characteristics of muscles (DeLuca, 1997). Adipose tissue levels are 
considered an intrinsic factor. Cram et al. (1998) suggested that adipose tissue may affect 
sEMG recordings at rest or with higher amplitudes because adipose tissue insulates or 
allows more energy to pass through the fatty tissue, respectively. Thus, an adipose layer 
affects the interpretation of resting sEMG values to a greater extent than in dynamic 
conditions (Cram et al.). Where subjects present with adipose levels consistent with a 
healthy weight range, minimising the influence of adipose tissue may be difficult. 
Therefore, ensuring that all other influencing variables are controlled for as best as 
possible, EMG recordings should be relative for each individual. Recording adipose tissue 
levels may also be appropriate, particularly when repeat testing is conducted.  
Electrode-skin impedance needs to be addressed when attempting to record valid sEMG 
values. Often the superficial skin surface can provide considerable resistance and if it is 
too high or imbalanced, the common mode rejection of the sEMG preamplifier is defeated 
(Cram et al., 1998). Impedance levels are measurable and should be below 5,000 – 10,000 
ohms or the input impedance of the sEMG preamplifier should be 10 – 100 times greater 
than the electrode-skin interface (Cram et al., 1998). Existing research has reported 
acceptable skin impedance levels of 5 – 6 kZ (Cowling & Steele, 2001c; Hodges & Bui, 
1996). 
2.6.1.2 EMG variables – rationale for examining & determining muscle onset & 
duration 
Numerous variables can be examined using sEMG, remembering that sEMG is simply a 
measure of electrical activity and not a quantification of strength, force, effort or resting 
length (Cram et al., 1998). Three predominant applications of sEMG are, to examine the 
temporal characteristics of muscle activation, muscle activation levels and the relationship 
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to force production or as a measure of fatigue within the muscle (Cowling & Steele, 
2001c; Cram et al.; DeLuca, 1997; Enoka, 2002). The variable examined should be 
primarily dependent on the particular research question. However, it is important to 
consider whether it is appropriate to examine the desired variable taking into account the 
chosen methodology. This is particularly relevant with anisometric contractions and 
dynamic conditions. For example, DeLuca suggests that to draw conclusions based on 
amplitude recordings, the level of signal stability is important and may be best achieved 
by way of isometric contractions. Hence, during an anisometric contraction involving 
changes to muscle fibre length, signal stability may be compromised and thus accuracy of 
amplitude recordings (DeLuca). Movement artifact, particularly during dynamic 
conditions, such as skin distortion (Cram et al.) may also influence sEMG recordings and 
therefore the accuracy of amplitude recordings. In addition, current literature pertaining to 
the topic of interest should also provide direction for the most appropriate variable to 
examine. 
The current literature review has identified that neuromuscular control during high-risk 
sports manoeuvres is considered a primary risk factor for ACL injury. Various authors 
have investigated neuromuscular factors surrounding ACL injuries, using sEMG 
recordings (Besier et al., 2003; Cochrane et al., 2003b; Colby et al., 2000; Cowling & 
Steele, 2001c; Fagenbaum & Darling, 2003; Lloyd & Buchanan, 2001; Schmitz et al., 
2002b). It has been reported that muscle co-contraction and co-activation strategies 
influence external loading of the knee joint (Lloyd & Buchanan, 2001). The timing of 
muscle activation has been implicated in explaining the higher ACL injury incidence in 
females (Cowling & Steele, 2001c; Schmitz et al., 2002b). In comparison, Colby et al. 
and Fagenbaum and Darling examined variables relating to the level of muscle activation 
during sporting tasks and recorded no differences between genders. There is evidence that 
amplitude related variables vary with more complex and game-like tasks, however no 
gender comparisons are known are this stage (Besier et al.). It has also been suggested 
that muscle strength is only effective when muscles are recruited with effective co-
activation (Huston et al., 2000; Wojtys et al., 1996). The timing of muscle activation may 
be a key component in identifying a neuromuscular dysfunction that may explain why 
females are at greater risk of ACL injuries. Hence, the current research sought to 
investigate the timing of hip and knee muscle activation during high-risk sporting 
manoeuvres within females. In addition, Cowling and Steele examined temporal 
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characteristics for a similar sporting manoeuvre and examining similar variables 
facilitates the potential to make comparisons between studies. 
Temporal measures refer to the timing of muscle activation characteristics such as when a 
muscle turns ‘on’ or ‘off’, or when peak activity occurred. However, determining accurate 
on/off thresholds is necessary. DeLuca (1997) suggested that the capacity to determine 
precise muscle activation is currently unachievable. Hodges and Bui (1996) suggested 
that while EMG onset is a common parameter evaluated, there is currently no standard 
method used in the literature. One method is to calculate a predetermined level above the 
estimated noise level and examine muscle activity that exceeds or falls below it for a 
minimum of 10ms (DeLuca). Hodges and Bui conducted a study that aimed to compare 
common EMG onset criteria relating to the number of samples required to exceed 
threshold, the low pass filter level used and the standard deviation above a baseline 
threshold required, to determine which parameters best identified EMG onset. Whilst 
various combinations were found to be more reliable in accurately identifying onset, 
when using a low pass filter with an upper frequency limit of 500Hz, in comparison to 
50Hz, an onset time of 10 ms, one standard deviation above a baseline threshold was 
acceptable. 
The delay between muscle activation and detection time also needs to be addressed. 
Muscle fibre type, firing rate dynamics and viscoelastic properties can all influence 
timing parameters (DeLuca, 1997). As with performance capacities, slow twitch fibres 
have a slower activation rate and therefore longer delay between the EMG signal and 
force and vice versa for fast twitch fibres (DeLuca). However, it may be cautiously 
assumed that if each muscle consisted of similar fibre type proportions, firing rate 
dynamics and viscoelastic properties within the same person, then delay times would be 
relatively equal.      
2.6.1.3 Frequency domain of EMG signal 
The common frequency range used in sEMG is 10 – 500Hz (Enoka, 2002). This is 
supported by Merletti (1999) who suggested that frequencies outside of 5-10 to 400-
450Hz have been found to make negligible contributions to muscle function and therefore 
should not be reported for sEMG data. Slow twitch muscles usually emit a lower 
frequency, whilst fast twitch fibres tend to emit higher frequencies, which are collectively 
49
summed to produce the final spatial or temporal EMG trace (Cram et al., 1998). 
Therefore, the bandwidth of sEMG that is analysed is often dependent on the aim of the 
research and manipulated through filtering or data smoothing.  
Hodges and Bui (1996) have suggested that filtering near the upper frequency limit 
(500Hz) can result in delayed identification of muscle onset, in contrast, excessive 
filtering (low pass – 10Hz) results in a loss of information and inaccurate detection of 
muscle onset. McNair and Wood (1993) examined the frequency of EMG activity of the 
quadriceps in ACL deficient individuals during an isokinetic muscle action and found that 
most of the power spectrum was between 20 and 120 Hz, while some activity was present 
up to 200Hz. Mean power frequencies for the quadriceps and hamstrings, again during an 
isokinetic muscle activity, have also been reported to range from approximately 65 – 95 
Hz, for both males and females (White, Lee, Cutuk, Hargens, & Pedowitz, 2003). In 
contrast, Cowling and Steele (2001c) examined a dynamic landing manoeuvre, filtering 
data at 20 Hz to obtain linear envelopes which best represented the muscle tension curve. 
Whilst the lower frequency signal tends to represent the overall temporal curve and thus 
the general muscle activity, a lower limit of low pass filtering may result in muscle onset 
being detected sooner than when it actually occurred. Therefore choosing a broad 
bandwidth with appropriate muscle onset procedures may give the most accurate 
indication of muscle onset.  
2.6.1.4 Electromechanical delay (EMD) 
To assume that when a muscle is activated it instantly provides a mechanical effect is 
erroneous. A parameter that warrants discussion when examining the timing of muscle 
activation is electromechanical delay (EMD). EMD refers to the period of time between 
preparatory and reactive muscle activation (Lephart, Abt, & Ferris, 2002). It has been 
found that when examining the soleus muscle, males have a shorter EMD than females, 
39.6ms versus 44.9ms respectively (Winter & Brookes, 1991). Similar findings had 
previously been reported by Bell and Jacobs (1986) however shorter delay times were 
recorded, approximately 14ms less for males and 11ms less for females, when compared 
with the Winter and Brookes study. Interestingly total reaction time and time from signal 
delivery to change in EMG (pre- motor time) were not found to be significant between 
genders for both studies. It may be suggested that EMG is not sensitive enough to detect 
differences in pre- motor time. Although, the result is still significant as it suggests that 
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musculotendinous elasticity differences may exist between genders and hence EMD 
variations (Winter & Brookes). Shultz and Perrin (1999) supported the notion that 
understanding the effect of EMD is important when examining neuromuscular 
characteristics as it is indicative of the time lapse to provide sufficient muscular tension to 
achieve dynamic stability. Whilst measuring EMD during dynamic conditions may be 
limited, it is important to be aware of the implications of factors such as EMD. The 
clinical significance is that muscle onset should exceed an appropriate level of time 
before mechanical effects can be assumed. 
2.6.2 Kinematic data 
Joint kinematics during manoeuvres linked to non-contact ACL injury has been proposed 
to contribute to the gender disparity and relevant literature has been covered in this 
review. Both two-dimensional (2D) (Cowling & Steele, 2001a; Devita & Skelly, 1992; 
McLean et al., 2005b) and three-dimensional (3D) (Decker et al., 2003; Ford et al., 2006; 
Hewett et al., 2005b; Leetun, Ireland, Ballantyne, & McClay, 2001; McLean et al., 2005a; 
Otago, 1999; Swartz et al., 2005; Yu et al., 2005) analysis has been conducted, with 3D 
analysis providing greater detail of rotational involvement of the lower limb, in 
postulating conclusions. However, similar to deciding on what EMG variables to analyse, 
whether to use 2D or 3D kinematic analysis and the subsequent variables should be 
dependent on the research question.  
The aim of using kinematic data within the current study was to examine the gross 
movement pattern, to establish whether any possible differences or changes to 
neuromuscular findings were concurrent with kinematic differences or changes. In 
addition, collecting kinematic data during the game limited the validity of using 3D 
analysis. This was due to the need for the player to be unobscured from multiple cameras 
at one time. Therefore, to be consistent with game and laboratory-based analysis, 2D 
analysis was conducted. 
Whilst 2D analysis has limitations, such as limited information regarding rotation of the 
lower limb, both sagittal and frontal view variables that have been linked with ACL injury 
have been examined in previous studies (Cowling & Steele, 2001a; McLean et al., 2005b; 
Noyes, Barber-Westin, Fleckenstein, Walsh, & West, 2005). Cowling and Steele (2001a; 
2001c) have successfully measured sagittal plane motion using 2D analysis, with the 
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same sports movement as the current study. It has also been reported that measurement of 
2D frontal plane knee angle provides a reliable description of frontal plane knee motion 
when compared with 3D data (McLean et al., 2005b). Whilst this study was conducted for 
side step, side jump and shuttle run tasks, it does provide evidence that using 2D analysis 
for measuring frontal plane motion during high-risk sports movements, is appropriate. In 
addition, McLean et al. (2005a) have also reported that joint angle at initial contact 
correlates with subsequent knee valgus loading. Again, this study was specific to sidestep 
tasks, but supports that the posture of the lower limb at contact, during high-risk sports 
tasks, influences subsequent joint loads providing a focus for kinematic analysis within 
the current study. 
2.6.3 Kinetic data  
Kinetic data were not examined within this study for a number of reasons. First, this study 
aimed to obtain data during real game play in which kinetic information could not be 
collected. Therefore no direct comparison could be made with laboratory-based data. In 
addition, there was concern that spotting the force plates in the laboratory would detract 
from subjects performing as natural a sporting movement as possible. This is despite 
evidence that spotting a force plate does not influence some GRF measures during gait 
(Grabiner, Feuerbach, Lundin, & Davis, 1995; Wearing, Urry, & Smeathers, 2000), as no 
research to date has been conducted to prove that this is also the case during dynamic 
tasks that involve a run up approach to the force plate. An important goal was to develop 
a laboratory test that best reflected the game situation and thus the risk of varying 
movement patterns for the purpose of landing on force plates was not considered 
worthwhile. Also, if movement patterns were different and with the lack of kinetic data 
from the game, it would be unclear whether any differences were a result of a relatively 
restricted landing zone. Finally, despite the well accepted view that a reduction in GRF 
directly impacts the loading incurred on the joints and therefore potential injury risk, no 
direct causal relationship has been found (McNitt-Gray, 2000). It was believed that the 
decision to exclude kinetic data would not jeopardize the value of our results.    
2.6.4 Within-subject analysis 
Dufek and Zhang (1996) suggested that once greater understanding of individual landing 
strategies is gained, then best practice training and rehabilitation may be achieved. 
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Mechanical and neuromuscular response strategies to landing have been investigated by 
Caster and Bates (1995). It was found that strategy variation within subjects often 
occurred, affecting landing and jumping tasks. James, Dufek and Bates (2000) conducted 
a study examining kinetic variability during ten landing trials from a platform, comparing 
a healthy with an injury prone group. Some evidence suggested a relationship between 
variability and overuse injuries. However some results were inconsistent and further 
research is warranted to verify such a relationship (James et al.). Steele and Milburn 
(1987) also found that some elite netball players do not perform landings with consistent 
landing patterns. The variability in internal/external rotation found in females has also 
been proposed to potentially contribute to ACL injury risk (McLean & van den Bogert, 
2001). However more recently, McLean et al. (2005c) found that both genders record 
similar levels of variability of kinematic measures during three high-risk tasks linked to 
ACL injury. It is proposed that variability is dependent on skill and experience levels 
(McLean et al.). Various authors have reported that often differences in subject results 
have been observed, however due to high variability, results are often not significant 
(Cowling et al., 2003; Dufek & Zhang, ; Hewett, 2000). Cowling et al. investigated the 
effect of biofeedback training on female netball players and found that individuals did not 
display a uniform response to the intervention and consequently group means masked 
individual adaptations to the training.  
Interestingly, in gait analysis research, high EMG step-by-step variability has been found 
that when averaged, demonstrates characteristic patterns across normal subjects 
(Ivanenko, Poppele, & Lacquaniti, 2004). Olree and Vaughan (1995) also proposed that 
during gait the central nervous systems generates a few fundamental  signals to control 
the muscular system. Whilst a direct relationship with single sports tasks cannot be made, 
the underlying motor control principle for repeated tasks is interesting when considering 
within-subject analysis. It is suggested that a select number of muscle activation patterns 
exist that produce limb kinematics that are relatively invariant, however often resulting in 
high variability within neuromuscular/EMG measures in comparison to kinematic 
measures (Ivanenko et al.). Therefore investigations between subject trends and patterns 
may provide valuable between subject descriptive information rather than solely relying 
on statistical differences.  
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Therefore a priori analysis of within-subject variability may be important to fully 
understand the effectiveness of intervention programs. However, both within and between 
subject analyses are important to fully understand neuromuscular control that may be 
linked to injury. It is also crucial that we do not assume that an increase in variability 
during a landing task automatically increases potential injury risk. At this stage there is 
insufficient evidence to make this conclusion. In addition, an increase in variability may 
actually be preferred as it may reflect adaptability to the variety of situations that can 
present during game play. Davids, Shuttleworth, Button, Renshaw and Glazier (2004) 
suggest that variability in the sensorimotor system is not random, rather an imperative 
aspect to meeting functional demands in a dynamic environment. However an increase in 
variability may also suggest that a player has an increased likelihood of performing an 
injurious movement. More than likely, we will find that a percentage of players need to be 
highly variable to reduce injury risk whilst a percentage of players are better off with low 
variability during high-risk tasks.   
2.7 Summary 
Non-contact ACL injuries are a traumatic sports related injury, with a higher rate of injury 
recorded in females when compared with their male counterparts. Whilst the injury 
mechanism still remains relatively unclear, various intervention programs have proven to 
be successful in reducing ACL injury rates. Further research is warranted, in examining 
neuromuscular changes that occur as a result of intervention strategies. In particular, 
understanding the effect of each training modality is required, so that the most effective 
intervention programs can be developed. In addition, and more importantly, is the need to 
understand whether current intervention strategies are transferring into game-like skills. 
Only then, can the success of intervention programs ultimately be determined. 
In Australia, netball provides an ideal opportunity to study non-contact ACL injuries. It is 
a game that is predominantly played by females and involves ‘high-risk’ sporting postures 
that have been linked to non-contact ACL injury. In addition, the non-contact ruling 
governing the game facilitates examining high-risk tasks such as leap landings, within the 
game setting. The popularity of netball within communities as a social outlet also tends to 
result in regular training sessions. Implementing intervention strategies therefore, is 
possible and results from research such as this thesis, can be implemented into team 
training to potentially reduce ACL injuries within this sport. 
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Chapter 3: Establishing laboratory based testing protocols that 
successfully mimic game play 
3.1 Introduction 
Non-contact anterior cruciate ligament (ACL) injury is a common and traumatic sports 
injury. While the underlying mechanisms remain unclear, neuromuscular control elicited 
during high-risk sports movements has become increasingly viewed as a primary risk 
factor (Griffin et al., 2000). To date, there is no published research that has data that has 
been collected pertaining to neuromuscular control, particularly in an attempt to examine 
risk factors relating to ACL injury, during normal competition conditions. Neuromuscular 
control has typically been examined within the laboratory setting as a means to counter 
the inherently random and unpredictable nature of the true game setting. It is possible, 
however, that this approach excludes important components of actual game-play that 
contribute directly to the chosen movement response and resultant injury risk (McLean et 
al., 2004b).  
Recent studies have provided evidence that neuromuscular and biomechanical differences 
exist when more game-like tasks have been introduced into the laboratory setting. These 
have included comparing unanticipated and preplanned conditions during running and 
cutting manoeuvres (Besier et al., 2003; Besier et al., 2001), the inclusion of a defensive 
opponent during a sidestep manoeuvre (McLean et al., 2004b), manipulating the direction 
of jump (vertical, left and right) during a planned or reactive two-foot stop jump task (Sell 
et al., 2006) or catching a ball during an abrupt one-legged landing (Cowling & Steele, 
2001a).  
Besier et al. (2001) found that varus/valgus and internal/external rotation moments 
increased significantly with unanticipated cutting manoeuvres. In comparison, 
flexion/extension moments remained similar between conditions (Besier et al., 2001). 
McLean et al. (2004b) found that the simulated defence task resulted in increased knee 
valgus loading and subsequent ACL injury risk. Increased knee joint loading was also 
reported during the reactive condition examined by Sell et al. (2006). Cowling and Steele 
(2001a) found that the upper limb motion associated with catching a ball influenced 
muscle activation of the lower limb. Rectus femoris was reported to activate 61ms prior to 
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initial contact during the no catch condition in comparison to 86ms during the catch 
condition. Additional significant findings were that muscle activation of rectus femoris 
and biceps femoris altered in comparison to peak tibiofemoral shear forces between each 
condition. 
The studies conducted by McLean et al. (2004b) and Sell et al. (2006) examined gender 
differences in response to the more game-like conditions. It was found that, irrespective 
of gender, increased knee loading consistent with increased ACL injury risk was reported 
for the more game-like conditions. However, females also recorded increased joint 
loading in comparison to their male counterparts. In contrast, Pollard, McClay Davis and 
Hamill (2004) investigated gender differences during a randomly cued cutting 
manoeuvre. Investigators examined the results during a cutting task, looking at hip and 
knee joint kinematics and moments and found no significant differences that would 
explain why females are more susceptible to ACL injury during a randomly cued 
manoeuvre. It is possible however, that the findings of Pollard et al. did not accurately 
reflect a game environment as subjects were required to respond to a random task as 
opposed to responding to a random occurrence in the surrounding environment. It is 
possible that during a game, players are aware of the sports task they are most likely to 
perform and responding to what is around them impacts neuromuscular and 
biomechanical characteristics. This possibility is plausible when you consider motor 
control research that considers how athletes (i.e. long jumpers) achieve consistent 
accuracy at take-off (Lee, Lishman, & Thomson, 1982; Montagne, Cornus, Glize, Quaine, 
& Laurent, 2000). It has been shown that athletes rely on a visually perceived relationship 
with the environment (i.e., take-off board) to make adjustments in performance 
(Montagne et al.). Therefore when attempting to replicate that game situation, 
manipulating the environment rather than the task to be performed may be more 
appropriate. 
These findings point to the fact that more complex or game-like tasks (i.e., movements 
that simulate game play) can produce significant and substantial differences in 
neuromuscular and subsequent biomechanical risk factors that may influence ACL injury, 
particularly in females. Whilst these differences in neuromuscular and biomechanical 
characteristics during high-risk manoeuvres executed in the laboratory setting have been 
found, it is still unclear whether these game-like tasks reflect actual game-play.  Only 
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when differences in neuromuscular control between lab based and actual game-play are 
known, can truly reliable lab based measures be developed that best mimic game play, if 
at all, or conversely, validate existing lab based testing protocols. A game-based 
assessment of high-risk sports movements may thus afford more reliable neuromuscular 
injury predictors, and hence, more effective injury screening and prevention strategies.  
 
The purpose of the current investigation was to 1) compare lab and game-based measures 
of lower limb muscle activation and knee angle during high-risk sports movements, and 
2) attempt to establish a reliable lab-based condition that best mimics game play. 
Investigation of the timing between foot strikes was also examined to determine whether 
any differences in muscle activation and kinematic measures occur with concurrent 
changes in foot strike timing.  
3.1.1 Hypothesis 
1. The more complex and game-like the single leg landing laboratory condition the 
more it will represent the muscle activation and kinematic measures of a single leg 
landing executed during game-play. 
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3.2 Methods 
3.2.1 Approval 
Project approval was given by the University of Ballarat Human Ethics Committee. Prior 
to testing all subjects were informed of the purpose of the research and possible hazards 
via a plain language statement (Appendix A). All subjects were then required to complete 
an Informed Consent statement (Appendix B). 
3.2.2 Subjects 
Ten females from the Ballarat Netball Association volunteered to take part in the study 
and their details are presented in Table 5.  
Table 5. Mean ± SD of age, weight, height and skinfold measures for subjects (N=10).  
Subject detail Mean ± SD 
Age (yr) 24.33 ± 9.66 
Weight (kg) 66.11 ± 8.62 
Height (cm) 164.91 ± 6.07 
Game – Front thigh skinfold – R leg  (mm) 32.88 ± 9.24 
Game – Front thigh skinfold – L leg  (mm) 31.03 ± 9.75 
Lab – Front thigh skinfold – R leg  (mm) 37.60 ± 6.43 
Lab – Front thigh skinfold – L leg  (mm) 37.29 ± 5.87 
Whilst all subjects were actively involved in netball throughout the study, subjects were 
asked to complete a 12-month physical activity recall to ensure that a similarly active 
cohort was being examined (Appendix C). Subjects were also asked to complete an injury 
history survey (Appendix D) to ensure that subjects had no previous lower limb injury, 
particularly to the knee, that may have influenced results. Front thigh skinfold level was 
recorded at each testing session for all subjects. Skinfold measurement was taken by a 
current Level 1 Anthropometrist with a technical error of measurement (TEM) of 6.3mm 
for the front thigh. The TEM “gives the approximate 68% confidence interval for the true 
value of the subject” (Norton & Olds, 2002, p.91). Front thigh skinfold measures 
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(measured according to standards supported by the International Society for the 
Advancement of Kinanthropometry (ISAK) cited in Norton and Olds) were recorded to 
monitor the potential influence of changes in body fat on EMG recordings over multiple 
testing sessions.  
3.2.3 Study Design 
Various landings occur during a netball game, however the most common landing is 
termed a leap landing (Steele & Milburn, 1987). This landing involves taking off on a 
single leg and landing on the opposite leg. This study compared four conditions, focusing 
on EMG and kinematic measures during a leap landing. Data were used to examine 
muscle onset relative to initial foot contact and the relative muscle burst duration, and 
knee angle at landing. Condition one represented actual game play while conditions two, 
three and four were laboratory based. Three lab-based conditions were included to 
examine conditions of varying complexity in an attempt to establish a reliable lab-based 
condition that best mimicked game play. Game data collection occurred over a three-
week period. The following week, all subjects were tested in the laboratory. The 
following sections detail data collection procedures. 
3.2.4 Testing procedure 
3.2.4.1 EMG data collection 
EMG data were collected by way of telemetry using the Glonner MESPEC 4000 (Mega 
Electronics Ltd, Finland; CMRR 110dB) unit, converted to a digital signal by way of the 
PCI6023E (National Instruments, Texas) 16-bit A/D card, then stored and later analysed 
using MegaWin (Mega Electronics Ltd, Finland) software 700046 version 2.0. Data were 
also exported to Biopac (Biopac Systems Inc, CA) version 3.71 software to conduct 
filtering of EMG data then imported back into MegaWin to complete the analysis. Prior to 
each testing session, the amplifier gain of the EMG system was set to ± 10V. Data were 
collected using a sampling rate of 1000Hz, bandwidth 13 – 1050Hz. 
Subjects were asked to attend each session with clean-shaven legs and wearing no 
moisturiser. On arrival, subjects put on a pair of nylon stockings that were used to create a 
template of EMG electrode placement. This enabled electrode placement at the 
subsequent testing session to be replicated. Marking permanent references such as 
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scarring or moles created the base for the template. Electrode placement was recorded on 
the pantyhose by tracing the upper ridge of the superior electrode. To ensure accurate 
electrode placement all measurements were made using an anthropometric tape measure. 
Markings were made using a black waterproof overhead marker so that tracings 
transferred through the stocking and onto the skin.  
The following muscles were chosen in this investigation as three of them are primary 
muscles crossing the knee joint and are commonly examined in ACL injury research. In 
addition, with a growing interest in the role of the hip in contributing to injury risk, 
Gluteus Medius (GM) was included. EMG electrode placement was guided by the 
recommendations found in Cram, Kasman and Holtz (1998) for the following muscles: 
1. Rectus Femoris (RF) - “This muscle is located on the center of the anterior surface of 
the thigh, approximately half the distance between the knee and iliac spine. The two 
active electrodes are placed 2cm apart, parallel to the muscle fibres (p.360)” 
2. Biceps Femoris (BF) – “The two active electrodes are placed 2cm apart parallel to the 
muscle fibers on the lateral aspect of the thigh two thirds the distance between the 
trochanter and the back of the knee (p.368)” 
3. Medial hamstring (MH) – “Medial Hamstring (semitendinosus) may be monitored by 
placing electrode on the medial aspect of the thigh, located approximately 3cm in from 
the lateral border of the thigh and approximately half the distance from the gluteal fold to 
the back of the knee (p.368)” 
4. Gluteus Medius (GM) – “Palpate the iliac crest. Two active electrodes 2cm apart are 
placed parallel to the muscle fibers over the proximal third of the distance between the 
iliac crest and the greater trochanter (p.352)” 
Following this, the stocking/s were removed; the subject number was recorded on each 
pair and stored. Two measurements of the front thigh skinfold were then recorded for 
each subject. 
Skin preparation is highly recommended to reduce impedance at the skin-electrode 
interface (Cram et al., 1998). It has been suggested that some abrasion and the use of 
alcohol pads, resulting in a slight rubor is common (Cram et al.).  Hence over each 
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electrode placement site and reference electrode site the area was first dry shaven to 
remove any remaining hair using a single use disposable razor. Gentle abrasion of the 
area using 3M Red Dot™ Trace Prep 2236 tape occurred, followed by skin sterilization 
using Smith & Nephew Medi-Swab™, 70% v/v Isopropyl Alcohol Swab’s. After the skin 
dried, Coloplast – Comfeel: Protective Film 4731 was then applied to maximize adhesion 
of the electrodes. 
Blue Sensor M-00-S adhesive bipolar silver-silver chloride electrodes were applied 
maintaining an inter-detection-surface spacing of 10mm. Two electrodes were used for 
each muscle site and one reference electrode. Impedance levels were then confirmed 
using a Kaise Digital Multitester SK – 6200. An impedance level of 6 kZ or less was 
considered acceptable based on previous work that examined similar testing conditions 
(Cowling & Steele, 2001c).  
The EMG telemetry transmitter was then attached to the subjects’ lower back by way of a 
small bag. The wires connecting the electrodes to the transmitter were fastened using 3M 
Transpore™ tape. The wiring was re-examined to ensure that it did not interfere with any 
electrodes and then the thigh/s were covered with an adhesive elastic tape 
(Leukoband®Lite) to ensure that wires remained as stationary as possible during testing. 
3.2.4.2 EMG data analysis 
First, for each session, a 30s baseline file was collected for all subjects, prior to the game 
or lab trials. A one second window was taken at 10 seconds within each baseline file. 
Mean microvolt (µV) and SD was calculated for each subject. Secondly, where initial foot 
contact (IC) for a leap landing occurred in the game, which was determined using the 
sync pulse and time code, a 15s window (approximately 7.5 secs prior to and after the 
landing) was extracted from the EMG data for analysis. Then all relevant game and lab 
EMG files were exported and bandpass filtered (30 – 300Hz), to take into account the 
majority of EMG signal frequencies that contribute to human muscle function, using a 
Hamming finite impulse response (FIR) digital filter. The FIR was used to avoid phase 
distortion in the filtered signal. Data were then imported back into the MegaWin software 
for continuing analysis. In order to minimise corruption of EMG data, particularly in the 
game files due to collecting continuously, a Fast Fourier Transform (FFT) was conducted 
and visually inspected, for approximately 1 sec prior to and after IC for any artificial 
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frequency content (i.e., predominant presence of a frequency as opposed to a spread of 
frequencies across the spectrum). EMG data were then rectified using RMS averaging for 
a moving window of 0.001s. Muscle onset was then defined as the point where muscle 
activation exceeded baseline levels by at least one SD for a minimum of 10ms, based on 
research conducted by Hodges and Bui (1996). Once EMG onset levels were calculated, 
the MegaWin software allows for the onset threshold to become the base level of the trace 
and therefore muscle onset and deactivation can be visually detected, which is a common 
method described in determining EMG onset (Hodges & Bui). A moving cursor was then 
placed over the moment of onset and offset, and the time was recorded in ms. Some EMG 
files were lost due to artificial frequency content. 
3.2.4.3 Kinematic data collection 
Two – dimensional kinematic data were collected using four Panasonic (Matsushita 
Electric Industrial Co., Ltd.) CCD Security cameras, collected at 50Hz, recorded using 
Panasonic NV-DV2000 recorders. DV tapes were then dubbed onto SVHS tapes using 
Panasonic AG-7355 videocassette recorder so that 50 frames per second could be 
displayed for analysis. During laboratory testing a Panasonic camcorder (50Hz) was used 
to collect run up footage. Prior to each testing session cameras were calibrated using a 
0.50m x 1.00m two-dimensional reference structure. 2-D kinematic data were analysed 
using the Peak Motus version 6.1 software. 
All cameras were Gen-locked and time coded, also an event marker was used to 
synchronise video and EMG data. The event marker was displayed as a light in the video 
display and spike on an independent channel in the EMG display. The event marker was 
manually activated during both the laboratory and game testing sessions. During the 
laboratory sessions, the event marker was activated once EMG data collection was 
initiated and prior to the subject commencing their approach to the landing area. During 
the game testing sessions, EMG data collection was continuous and the event marker was 
activated immediately after a leap landing was performed. Figures 1 and 2 show the 
equipment set up for both the game and laboratory testing sessions. 
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Figure 1. Equipment set up for the game data collection 
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Lower limb joint kinematics were quantified based on the two-dimensional projection 
coordinates of a series of reflective skin markers. Six markers, per leg, were used in total, 
enabling frontal and sagittal plane knee joint angle to be calculated and were positioned 
as shown in Figure 3:  
 
Figure 3. Location of markers used to enable frontal and sagittal plane knee joint angles 
to be calculated. 
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3.2.4.4 Kinematic data analysis 
The coordinates of the six skin markers obtained during each laboratory trial were located 
within Peak Motus version 6.1 software and the subsequent sagittal and frontal view two-
dimensional knee joint angles were calculated. Specifically, initial contact and maximum 
stance phase knee joint angle was determined from the sagittal plane view of greater 
trochanter, mid knee on lateral femur and lateral malleolus marker coordinates. Similarly, 
the frontal plane view of the ASIS, mid femoral condyle and 12.5 cm superior to mid 
malleoli marker coordinates was used to estimate the initial contact and maximum stance 
phase frontal plane knee angle. Some kinematic files were lost if subjects did not execute 
landings in the anatomical plane relative to the camera position. 
The coordinates of the sagittal view obtained during game play were also located within 
Peak Motus version 6.1 software and the subsequent sagittal view two-dimensional knee 
joint angles were calculated. Sagittal view data were only calculated in the players’ 
motion was relatively perpendicular to the field of view of a stationary camera. Similarly, 
no game landing could be analysed unless it occurred within a field of view of any 
camera. 
Approach speeds were also calculated for both the game and lab-based trials. Specifically, 
to calculate approach speed in the game, a 1m x 0.5m grid was constructed using masking 
tape on the netball court (see Figure 4). This grid was then videoed and overlayed on the 
approach to the landing of interest within the game video data. An estimation of approach 
speed was calculated by measuring the distance travelled over the grid and time taken. 
Approach speed in the lab-based trials was calculated based on the velocity of the greater 
trochanter marker, as determined using the Peak Motus software. Specifically, the change 
in position of this marker as a function of time was determined over a distance of one 
metre, from a point two metres prior to IC (see Figure 2). 
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Figure 4. Dimensions of a grid constructed to measure approach speed during game play. 
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3.2.5 Experimental procedure 
3.2.5.1 Game testing sessions 
For each subject, bilateral lower limb EMG data were recorded continuously throughout 
an entire fixtured netball game (4 x 15 min quarters). The game was also video taped 
using four cameras (2 panning and 2 stationary), which enabled accurate detection of leap 
landings and the moment of foot contact. In addition approach speed was calculated and 
surrounding factors eg. proximity of opposing players were analysed.  
3.2.5.2 Laboratory testing sessions 
For each subject, bilateral lower limb EMG, frontal and sagittal view video data were 
recorded at a subsequent session, occurring in the laboratory. During lab testing, subjects 
performed five leap landing trials for each leg, for three specific movement conditions of 
decreasing complexity, namely: 
• 2 – DEF: Break from a defender, run, leap landing whilst catching a ball, pivot 
and pass to a “player” in the same movement. 
• 3 – No DEF: Run, leap landing whilst catching a ball, pivot and pass to a “player” 
in the same movement. 
• 4 – LAND: Run and leap landing. 
Each subject performed all trials of one condition before completing the next condition; 
however, the conditions were randomly assigned between subjects. 
In an attempt to further replicate landings consistent with those observed in the game 
setting, several additional strategies were implemented.  
1. A large landing area (1.66 x 1.9m) was allocated to minimise spotting for a 
smaller area, eg. force plate and subsequently being distracted or shuffling prior to 
landing to ensure that landing within the designated area was performed. This was 
particularly important as the lead in steps prior to landing were of interest in this 
study. 
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2. The leap landing is the most commonly used landing in netball. Subjects were 
therefore simply instructed to execute landings within the various movement 
scenarios until five leap landings were achieved. It has been found that up to 75 
landing trials can be performed consecutively without fatigue manifesting (Caster 
& Bates, 1995). The total number of landings (not leap landings only) performed 
within this study during the game was 40.9 ± 17 per subject per game and during 
the laboratory testing was 46.4 ± 6.2 per subject. 
3. Typical game play usually involves players leading for the ball. Once a pass is 
received, the player then pivots to pass in the direction of their goal area. The 
instruction therefore, for which “player” to pass to was always given as the subject 
landed. 
4. The pass that the subjects received in all testing sessions was by the same 
experienced player, to ensure consistency. The passer was instructed to pass 
between head and waist height. A trial was excluded if the pass was outside the 
head to waist height range. The passer was located in either position one or two 
(Figure 2) and would change positions randomly throughout the subjects’ trials. 
Subjects were aware of the passer position prior to run up. The passer was also 
responsible for instructing the subject as to which “player”, of three, to pass to on 
landing.  
5. The defender was a subject waiting to be tested and therefore was experienced in 
defending in netball. The defender was instructed to stand in front of the subject 
and actively defend for approximately two to three metres. 
6. The “player” that the subjects were required to pass to were a tripod stand from 
which hung a player’s positional bib that is worn during games. The bib height 
varied but was indicative of bib position for 3 players of height between 160 – 
175cm (Figure 5). 
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Figure 5. Laboratory “players” that subjects were required to pass to. 
All trials were checked using the video recordings prior to analysis and trials were not 
accepted if: 
1. A leap landing was not performed. 
2. The pass was not between chest and head height. 
3. The player did not pass to within 1m of the “player”. 
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 3.2.6 Dependent measures 
A number of dependent measures were obtained from the EMG and kinematic data and 
these are presented in Table 6.  
Table 6. An overview of the dependent measures analysed from the EMG and kinematic 
data. 
Dependent measure Conditions 
Muscle onset relative to IC (onset to IC) [ms] 1 - 4 
Resultant duration of the muscle activation burst that occurred 
concurrent with IC (muscle burst duration) [ms] 1 - 4
Sagittal plane knee angle at IC [degrees] (see Figure 6b) 1 – 4 
Sagittal plane maximum knee angle [degrees] (see Figure 6b) 2 – 4 
Frontal plane knee angle at IC [degrees] (see Figure 6a) 2 – 4 
Approach Speed [m.s-1] 1 - 4
Timing between the contralateral foot strike prior to the landing leg 
foot strike (C-L) [sec] 1 - 4
Timing between the ipsilateral foot strike prior to the contralateral 
foot strike (I-C) [sec] 1 - 4
The pattern with which the muscles were recruited was also examined using the onset to 
IC results. In addition, within-subject variability between conditions was calculated using 
the SD results from the EMG measures. 
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a) b)
Figure 6. a) The joint angle used to calculate frontal plane knee angle at IC b) The joint 
angle used to calculate sagittal plane knee angle at IC and maximum knee angle.  
 
`
`
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3.2.7 Statistical Analysis 
Statistical analyses were conducted using SPSS version 11.5 statistical package. Mean 
values of each of the measures listed in Table 6 were calculated for each subject. A one-
way ANOVA was applied to each of these dependent variables to determine for the main 
effect of test condition. Alpha levels were set at p L 0.05. Bonferroni corrections were 
performed for post hoc analysis. A Bonferroni correction involves changing the alpha 
value (dividing it by the number of tests) i.e. changing the critical value rather than the 
test statistic or the p value. SPSS instead multiplies the p value by the number of tests.  
Comparing this adjusted p value to the nominal alpha is logically equivalent to a true 
Bonferroni correction. 
Muscle recruitment patterns were determined for each subject. The pattern of onset for 
each trial was determined across all conditions. The percentage of a particular pattern 
across all trials, for all conditions, for each subject was then calculated.  
For each of the eight dependent EMG variables (onset to IC and duration ×four muscles), 
variability between trials within each condition was also calculated for each subject by 
calculating the SD.   The SDs for each set of trials were used to calculate an F ratio for 
each of the six possible condition combinations (1 v 2, 1 v 3, 1 v 4, 2 v 3, 2 v 4, 3 v 4). 
For each subject a total of 48 F values were thus calculated. Statistical significance of the 
difference in trial-to-trial variability between each pair of conditions was then determined 
using an F table with appropriate degrees of freedom. 
One subject sustained an injury between the game and laboratory testing session and was 
excluded from the analysis.  In addition, subject five recorded only one game landing and 
was excluded from those comparisons involving the game condition.  
3.2.7.1 Left and right leg differences 
Due to the inherently random and unpredictable nature of game play it is difficult to 
ensure equal number of landings per leg. It was therefore important to determine whether 
data could be pooled for the ensuing analysis. Thus, prior to conducting the primary data 
analysis, a one-way ANOVA was applied to each dependent measure to test for 
differences between the left and right leg. Game data were excluded from this analysis as 
a total of four landings were required for each leg, and some subjects failed to meet this 
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minimum requirement. Results indicated that only one significant difference was found 
between the left and right leg. BF duration was shown to be different (F (2,8) = 5.587, p = 
0.046) between the left and right leg during laboratory condition 3 – No Defender. Data 
were therefore pooled and adequate trial numbers (N=7) were achieved for each 
condition. Caution was exercised when interpreting results that included BF duration in 
all subsequent analyses. 
3.2.7.2 Intra tester reliability 
Intra-tester reliability was also determined for the detection of onset to IC, kinematic 
angles and the detection of IC by way of video, relative to force plate data (see Appendix 
E).  Results indicate that intra-tester error was low for each of these factors as determined 
by an Intraclass correlation (ICC). An ICC value of .943 was the lowest score in detecting 
muscle onset and deactivation. The largest error in determining angles was found for 
sagittal plane maximum knee angle where an ICC value of .964 was recorded. The mean 
± SD (degrees) difference for sagittal plane maximum knee angle was 1.08 ± .56 degrees. 
Finally, 100% accuracy was recorded when determining the moment of foot strike. 
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3.3 Results 
The results will be presented in the following sections to reflect each purpose of the 
study. An overview of landings and events that occurred with leap landings during game 
play has also been provided in Appendix F. 
3.3.1 Approach Speed 
Approach speed means ± SD (m.s-1) were calculated for each condition (Figure 7). No 
statistical difference (F (3,8) = 0.77, p = 0.44) was found between conditions and 
therefore approach speed was not used as a covariate. 
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Figure 7. Approach speed means ± SD (m.s-1) for each of the four conditions. 
 
3.3.2 A comparison of game and lab-based conditions 
3.3.2.1 EMG onset and duration 
The results for EMG onset to IC (ms) and muscle burst duration (ms) for all muscles and 
conditions have been presented in Figure 8. Results have also been presented in a table 
format, including 95% CI range in Appendix G.  
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Onset to IC for the RF was observed to be significantly different between the game and 
laboratory conditions. Post hoc analysis indicated a significant statistical difference 
between conditions 1 – GAME and 2 – DEF, p = 0.027; 1 – GAME and 3 – No DEF, p = 
0.016; 1 – GAME and 4 – LAND, p = 0.050. Onset of activation occurred much closer to 
IC during the game (48 ±35ms) compared to the laboratory (2 - DEF: 80 ±31ms; 3 - No 
DEF: 84 ± 44ms; 4 - LAND: 87 ± 22ms) conditions. Comparisons of muscle burst 
duration data failed to yield significant results for all statistical comparisons. No other 
statistical differences were found.  
3.3.2.2 2-D kinematic results 
Results for the sagittal plane knee angle at IC for all conditions have been presented in 
Figure 9. Results have also been presented in a table format, including mean ±SD (deg) 
data, p value, post hoc analysis and 95% CI range in Appendix H.  
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Figure 9. Means ±SD (deg) for the sagittal plane knee angle at IC for all four conditions 
(N = 9). * Denotes a statistically significant difference. 
 
Statistical analysis yielded an overall significant difference between conditions (F (3,8) = 
8.052, p = 0.001). Post hoc analysis revealed that the sagittal plane knee angle at IC for 
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condition 1 – Game was significantly greater when compared to condition 4 – Land (p = 
0.027).  
Results for the sagittal plane maximum knee angle for all conditions have been presented 
in Figure 10. 
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Figure 10. Sagittal plane maximum knee angle means ±SD (deg) for all four conditions 
(N = 9).  
 
Statistical analysis failed to yield any significant differences in sagittal plane maximum 
knee angle between conditions.  
There was a trend however, for both sagittal plane measures, for the condition 1 - GAME 
angles to be greater when compared with the laboratory conditions.  The standard 
deviation results also tended to be greater in condition 1 - GAME, the 95% CI range 
(Appendix H) indicates that the minimum knee angle at IC during game play was similar 
to the laboratory maximums, even taking into account an approximate one-degree intra-
tester error (Appendix E).  
78
3.3.2.3 Timing between foot strikes 
Timing between foot strikes data have been presented for the ipsilateral to contralateral 
foot strikes (I – C) and contralateral to landing leg foot strikes (C – L) for each condition 
(Table 7).  
 
Table 7. The statistical findings between conditions for timing between foot strikes. 
Significant findings have been shaded and post hoc analysis is included to indicate 
between condition differences (N=9). In addition, mean ± SD and 95% CI range 
data have also been presented. 
 mean ± SD (secs) p value 95% CI range post hoc analysis 
1 - GAME 0.273± 0.033 0.247 - 0.299 
2 – DEF 0.255± 0.025 0.236 - 0.275 
3 – No DEF 0.254± 0.016 0.242 - 0.267 
I - C
4 - LAND 0.304± 0.028 
0.000 
0.282 - 0.327 
2 - 4: 0.009                    
3 - 4: 0.001 
1 - GAME 0.422± 0.035 0.395 - 0.449 
2 – DEF 0.392± 0.041 0.361 - 0.424 
3 – No DEF 0.408± 0.038 0.379 - 0.439 
C - L
4 - LAND 0.414± 0.074 
0.423 
0.357 - 0.472 
 
The time between foot strikes was significantly greater for condition 4 – LAND in 
comparison to the remaining laboratory conditions for the I - C foot strikes. The timing 
for the I - C foot strikes between conditions 2 – DEF and 3 – No DEF was remarkably 
similar, however the CI range for condition 2 – DEF was greater. Condition 1 – GAME 
recorded the largest CI range. No statistical difference was found for the C - L foot 
strikes. However, longer time between foot strikes and greater CI ranges in comparison to 
I - C were noted.  
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3.3.2.4 Within-subject variability  
Across all EMG dependent measures and subjects, a total of 432 comparisons were made 
(see Appendix I). Of these, variability was statistically significantly different for 172 
(40%) of the comparisons. In 118 of the 172 (69%) statistically significant comparisons, 
the more complex condition was greater in variability. Condition 1 – GAME was greater 
in variability for 84 out of the 118 (71%) statistically significant comparisons where the 
more complex condition was greater in variability. 
3.3.2.5 Muscle recruitment patterns 
The variety and frequency of muscle recruitment patterns recorded during condition 1 - 
GAME are presented in Figure 11.  
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Figure 11. The frequency of muscle recruitment patterns during condition 1 – GAME. 
The ‘other’ category was included for muscle activation patterns where only one 
or two subjects elicited that pattern. 
Results show that nine muscle recruitment patterns were recorded during condition 1 – 
GAME across all subjects. The most number of patterns recorded by a single player was 
six (player 7). 
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The variety and frequency of muscle recruitment patterns recorded during the laboratory 
conditions are presented in Figure 12. 
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Figure 12. The frequency of muscle recruitment patterns during the laboratory conditions. 
The ‘other’ category was included for muscle activation patterns where only one 
or two subjects elicited that pattern. 
Results show that more than eight muscle recruitment patterns were recorded during the 
laboratory conditions across all subjects. The most number of patterns recorded by two 
players was eight (players six and ten). 
Figure 13 presents the frequency of muscle recruitment patterns during condition 1 – 
GAME, for muscles crossing the knee joint only. 
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Figure 13. The frequency of muscle recruitment patterns during condition 1 – GAME, for 
muscles crossing the knee joint only.  
Results show that six different muscle recruitment patterns occurred during condition 1 – 
GAME when the muscles crossing the knee joint only, were examined. The most muscle 
recruitment patterns exhibited by a single subject were four (subject 9).  
Figure 14 presents the frequency of muscle recruitment patterns during the laboratory 
conditions, for muscles crossing the knee joint only. 
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Figure 14. The frequency of muscle recruitment patterns during the laboratory conditions, 
for muscles crossing the knee joint only. 
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A total of four muscle recruitment patterns occurred during the laboratory conditions 
when examining muscles that cross the knee joint only. The most muscle recruitment 
patterns exhibited by a single subject were four (subject 10). 
 
3.3.3 An investigation of the lab-based measures which best mimics game play  
Whilst section 3.3.2 presented findings that showed differences in neuromuscular timing 
and 2-D kinematic variables between the game and laboratory conditions, this section 
explores which of the three laboratory conditions best replicated game play. The outcome 
of these results will also attempt to show which of the three chosen laboratory conditions 
is the poorest indicator of game play. 
3.3.3.1 EMG onset and duration 
Table 8 indicates which laboratory measure was closest and furthest from the condition 1 
- GAME results for EMG onset and muscle burst duration. Appendix G provides a full 
overview of dependent variable mean ± SD, p values, post hoc analysis and 95% CI 
range.  
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Table 8. The laboratory measure that was closest and furthest from the game results for 
EMG onset and muscle burst duration. In addition, the mean difference (ms) 
between the game and closest or furthest measure are reported (N = 9). A positive 
mean difference indicates that the onset for condition 1 – GAME was closer to IC 
or a shorter muscle burst duration. In contrast, a negative mean difference value 
indicates that the onset for condition 1 – GAME was further from IC or a longer 
muscle burst duration. 
 
Laboratory 
condition closest 
to the game 
value 
Mean difference 
(ms) between 
the game and 
closest 
laboratory 
condition 
Laboratory 
condition 
furthest from 
the game value 
Mean difference 
(ms) between 
the game and 
furthest 
laboratory 
condition 
RF onset 2 – DEF + 32 4 - LAND + 39 
RF dur 2 – DEF + 14 3 – No DEF + 87 
BF onset 2 – DEF + 27 3 – No DEF + 58 
BF dur 3 – No DEF - 51 4 - LAND - 86 
MH onset 2 – DEF + 2 4 - LAND + 70 
MH dur 4 - LAND - 9 2 – DEF - 65 
GM onset 2 – DEF - 55 3 – No DEF - 193 
GM dur 2 – DEF - 245 4 - LAND - 483 
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Table 8 shows that six out of a possible eight results, condition 2 – DEF was closer in 
value to condition 1 – GAME. In comparison, condition 4 – LAND demonstrated the 
least game-like similarities with five out of eight results the most different from condition 
1 – GAME.  
3.3.3.2 2-D kinematic results 
The laboratory measures for the sagittal plane knee angle measures compared to the game 
are presented in table 9. Appendix H provides a full overview of dependent variable mean 
± SD, p values, post hoc analysis and 95% CI range.  
 
Table 9. The laboratory measure that was closest and furthest from the game results for 
sagittal plane knee angle measures. The mean difference (degrees) between the 
game and closest or furthest measure are reported (N = 9). A positive mean 
difference indicates that the angle for condition 1 – GAME was smaller. In 
contrast, a negative mean difference value indicates that the angle for condition 1 
– GAME was greater. 
 
Laboratory 
condition closest 
to the game 
value 
Mean difference 
(deg) between 
the game and 
closest 
laboratory 
condition 
Laboratory 
condition 
furthest from 
the game value 
Mean difference 
(deg) between 
the game and 
furthest 
laboratory 
condition 
Knee angle 
at IC 
2 – DEF & 
3 – No DEF - 3.7
o 4 - LAND - 4.2o
Maximum 
knee angle 3 – No DEF - 0.9
o 4 - LAND - 1.9o
Table 9 indicates that conditions 2 – DEF and 3 – No DEF recorded the same mean angle 
at IC difference when compared to condition 1 – GAME and, thus best replicated 
kinematic results recorded during game play. In contrast, condition 4 – LAND was the 
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poorest indicator of game play, even when the maximum intra-tester error was recorded 
to be 1.8 degrees. 
Frontal plane knee angle at IC data were collected during the laboratory testing sessions 
only. Therefore whilst comparisons to game play data cannot be made, comparisons 
between laboratory conditions may help to determine whether the frontal plane knee 
angle at IC changes in response to the more complex laboratory landings. Figure 15 
represents the frontal plane knee angle at landing for each of the three laboratory 
conditions. 
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Figure 15. The frontal plane knee angle at for each of the three laboratory conditions (N = 
9). 
Figure 15 shows that conditions 2 – DEF and 3 – No DEF recorded quite similar frontal 
view knee angles at IC. In comparison, condition 4 – LAND recorded a mean difference 
of 2.65o. Statistical analysis of frontal plane knee angle data yielded an overall significant 
difference (F (2,8) = 13.241, p = 0.001). Post hoc analysis revealed significant differences 
between conditions 2 – DEF and 3 – No DEF to condition 4 – LAND (p = 0.025, p = 
0.008 respectively).  
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3.3.3.3 Timing between foot strikes 
Table 10 compares laboratory measures with condition 1- GAME results for timing 
between foot strikes. Section 3.3.2.3 provided a full overview of dependent variable mean 
± SD, p values, post hoc analysis and 95% CI range. 
Table 10. The laboratory measure that was closest and furthest from the game results for 
timing between foot strikes. The mean difference (secs) between the game and 
closest or furthest measure are reported (N = 9). A positive mean difference 
indicates that the time between foot strikes for condition 1 – GAME was smaller. 
In contrast, a negative mean difference value indicates that the time between foot 
strikes for condition 1 – GAME was greater. 
 
Laboratory 
condition closest 
to the game 
value 
Mean difference 
(sec) between 
the game and 
closest 
laboratory 
condition 
Laboratory 
condition 
furthest from 
the game value 
Mean difference 
(sec) between 
the game and 
furthest 
laboratory 
condition 
I - C 2 – DEF - 0.018 4 – LAND + 0.031 
C - L 4 - LAND - 0.008 2 - DEF - 0.030 
Table 10 indicates condition 2 – DEF best replicated the I - C foot strikes noted during 
game play. However condition 4 – LAND best replicated the C – L foot strikes noted 
during game play.  
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SUMMARY 
Approach speed:  
• Was not significantly different between conditions and thus not used as a 
covariate. 
Comparison of game versus lab-based measures: 
• RF onset to IC showed a statistically significant difference between the game and 
lab-based measures. Activation of RF occurred much closer to IC in the game.  
• 2-D kinematic data showed that for the sagittal plane knee angle at landing, the 
game value was significantly greater than the least complex laboratory condition 
(4 – LAND). No differences in sagittal plane maximum knee angles were found. 
Trends suggest that during game play, the sagittal view knee angle at landing and 
maximum knee angle was greater.  
• A statistically significant difference in timing between I – C foot strikes was noted 
between laboratory conditions 2 – DEF and 3 – No DEF when compared with 
condition 4 – LAND. A similar timing of foot strikes between the contralateral to 
landing leg was noted irrespective of the condition. 
• Where statistically significant differences in variability were found, the more 
complex condition was responsible (69%) for the increased variability. Of these, 
condition 1 – GAME was more often greater (71%) in variability. 
• Nine muscle recruitment patterns existed during condition 1 – GAME, in 
comparison to eight during laboratory conditions. When GM is excluded from the 
analysis, six muscle recruitment patterns existed during condition 1 – GAME, in 
comparison to four during laboratory conditions. 
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Lab-based measures that best mimic game play: 
• Condition 2 – DEF best mimicked game play with regards to muscle onset to IC 
and burst duration data. 
• Conditions 2 – DEF and 3 – No DEF best mimicked game play with regards to 
sagittal plane knee angle at IC and maximum knee angle. Investigation of lab-
based frontal plane knee angle at IC showed that the more complex laboratory 
conditions were statistically different from the least complex laboratory condition 
(4 –LAND).  
• Timing between foot strikes found that condition 2 – DEF best replicated the I - C 
foot strikes noted during game play. However condition 4 – LAND best replicated 
the C – L foot strikes noted during game play. 
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3.4 Discussion 
Previous studies (Besier et al., 2001; Cowling & Steele, 2001a; McLean et al., 2004b; Sell 
et al., 2006) have shown that neuromuscular and biomechanical differences exist when 
more game-like tasks are introduced into the laboratory setting. It is also proposed that 
these differences may contribute to the gender disparity of ACL injuries (McLean et al.; 
Sell et al.). However to date, risk factors have typically been examined in the laboratory 
and neuromuscular control during actual game play is unknown. Therefore the purpose of 
the current study was to collect and compare both lab and game-based measures of lower 
limb muscle activation and knee angle during a high-risk sports movement and attempt to 
establish a reliable lab-based condition that best mimics game play. It was hypothesised 
that the more complex and game-like the single leg landing laboratory condition, the 
more it represents the muscle activation and kinematic measures of a single leg landing 
executed during game-play.  
Approach speed has been identified as an important consideration when designing a study 
that involves a run-up and landing task. Neal and Sydney-Smith (1992) found that 
differences in vGRF during netball landings was associated with approach speed and the 
type of pass received. The current study found no difference in approach speed between 
the game and laboratory conditions. Thus the current laboratory conditions reflected the 
approach speeds experienced during game play, leading into a leap landing. In addition, 
the approach speeds reported by Neal and Sydney-Smith were not dissimilar to those 
found in the current study. An average speed of 4.30 m.s-1 was reported when receiving a 
chest pass (Neal & Sydney-Smith). In comparison, an approach speed range of 3.85 – 
4.08 m.s-1 was reported in the current study. It was believed therefore, that approach speed 
did not influence the results of the current study.    
The most significant finding in the current analysis comparing game and laboratory data 
was the difference in RF onset to IC. During the game, RF was recruited significantly 
closer to IC than during any of the laboratory conditions. Currently, only one other study 
has examined muscle onset to IC during a netball leap landing. Cowling and Steele 
(2001a) compared the effect of catching a ball on muscle recruitment patterns during a 
leap landing. It was reported that RF activation occurred 61 ± 16ms prior to initial contact 
during the no catch condition and 86 ± 40ms prior to IC during the catch condition. The 
onset to IC reported by Cowling and Steele during the catch condition was similar to the 
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laboratory onset to IC found with the current laboratory conditions (mean 83.6ms). The 
fact however, that the catching and more game-like condition within the Cowling and 
Steele study resulted in an earlier RF onset is contrary to the results in the current study 
where the game resulted in RF onset closer to IC. Cowling and Steele also reported 
activation of BF closer to IC (150 ± 63ms) during the catch condition when compared 
with the trials without catching (162 ± 83ms). The current study found no significant 
differences in BF activation between conditions. Results did however, reflect a similar 
trend with BF onset closer to IC (133 ± 51ms) for the game condition compared to the 
laboratory conditions (mean 172ms). It is possible that differences in approach speed, as 
suggested by Neal and Sydney-Smith (1992) may impact results during a single leg 
landing, and therefore provide an explanation for the contrasting results between the 
current study and that of Cowling and Steele. Approach speed however, was not reported 
in the Cowling and Steele study. It was reported however, that subjects were required to 
accelerate for three paces prior to landing (Cowling & Steele), in comparison to a six-
metre run up in the current study, thus differences in approach speed were possible. The 
findings of both studies however, indicate that RF recruitment may be highly dependent 
on the complexity of the task being performed. What is unknown however, is what, if 
any, implication these timing differences may have on ACL injury prevention.   
The potential implications of a delay in RF onset, found in the current study during a 
game are proposed. The delay in RF onset during a game may compromise knee stability 
at landing and therefore the potential to counteract potentially hazardous joint load states. 
For example, the quadriceps act primarily in the sagittal plane of lower limb motion and 
thus a delay in RF onset may result in insufficient time to induce a mechanical response 
that will provide sufficient knee stability in this plane. Aggressive quadriceps activation 
has also been proposed to increase anterior tibial translation and thus ACL injury risk 
(DeMorat et al., 2004). A delay in RF onset may reduce the time to generate an extreme 
anterior shear load and thus decrease injury risk.  Conversely, a delayed onset may indeed 
result in an increased rate of quadriceps loading and thus increase the potential for ACL 
injury during game-play. It is possible that a delayed onset of RF may demonstrate an 
adaptive strategy for knee stability that is necessary for the inherently random nature of a 
netball game. The delay in RF onset may be unrelated to injury risk and indicative of RF 
behaviour to optimise performance in a game setting. Finally, the delay in RF onset may 
be a reflection of the demand for hip and upper body control necessary during game play. 
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In order to establish whether differences in muscle activation were concurrent with 
changes to the gross movement pattern, kinematic and timing between foot strike data 
were collected.  Timing was found to be similar between the CL and LL foot strikes 
between all conditions. When sagittal view kinematic data were compared between the 
game and the laboratory conditions, the only difference that existed was between the 
game and condition 4 – LAND (4.2 degrees), for the angle at landing. The sagittal view 
angles calculated from game data did not differ from the two more complex laboratory 
conditions.  
When comparing actual angles at landing with previous netball landing studies, Steele 
and Milburn (1987) reported a mean knee flexion angle of 14.3o (range: 29.8o – 10.8o). In 
comparison Otago (2004) reported considerably smaller knee flexion angles ranging from 
7.2o to 1.1o. Knee flexion angles in the current study tended to fall in between those 
reported by Steele and Milburn, and Otago. A knee flexion range of 7.8o to 17.0o was 
found. If game data is excluded, the knee flexion range for the laboratory conditions was 
7.8o to 12.2o. The average game knee flexion angle (14.2o ± 3.64) is very similar to the 
mean reported by Steele and Milburn. A possible reason to account for the difference in 
knee flexion angles reported across these three studies may be approach speed. Knee 
flexion angle is likely to be proportional to approach and landing speed, since increased 
momentum is required to be decelerated, which occurs primarily in the sagittal plane. 
Approach speed was not reported by Steele and Milburn, Otago however recorded an 
approach speed range of 3.32 – 3.88 m.s-1, in comparison an approach speed range of 3.85 
– 4.08 m.s-1 in the current study. This difference may account for variation in knee flexion 
angles.    
A smaller knee flexion angle at landing has been proposed to increase ACL injury risk, 
particularly in females. Landing with the knee closer to extension has been linked with 
ACL injury mechanism (Olsen et al., 2004) and a more erect posture at landing, defined 
by smaller knee and hip flexion angles reduces the capacity to attenuate forces (Swartz et 
al., 2005; Yu et al., 2005) and thus increases injury risk. It is possible however that knee 
flexion angles derived from laboratory-based investigations, for example the angles 
reported in the Otago (2004) study, may overstate the injury risk for those players as the 
current study shows that knee flexion during game play tends to be greater than is 
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reported in the laboratory. This will depend however, on whether a three to four degree 
difference is sufficient to impact injury risk, which is currently unknown. 
A comparison between game-play and lab-based measures was conducted via a priori 
analysis of within-subject variability. Currently it is unknown what effect within-subject 
variability has on injury risk. James, Dufek and Bates (2000) have indicated a possible 
relationship between increased within-subject kinetic variability and overuse injuries, but 
also concluded that more research is required to confirm or refute this relationship. The 
current study did not attempt to show a link with injury risk, rather to understand whether 
within-subject variability differed between game and lab-based measures. Results 
indicated that within-subject variability was not statistically different in 60% of 
comparisons made in the current study. Where differences did exist however, the more 
complex landing condition within the comparison was more often greater in variability, 
with the game accounting for 71% of these findings. The implication of this finding is 
that if we attempt to investigate a possible relationship between injury risk and within-
subject variability, analysis of game play may be the only option available to truly 
understand variability.  
Neuromuscular control during high-risk sports tasks is becoming increasingly viewed as a 
primary risk factor in ACL injury (Griffin et al., 2000). There has also been recent 
attention given to the role of the hip as a possible explanation contributing to the gender 
disparity, in ACL injury rates (McLean et al., 2004b). The current study examined muscle 
recruitment patterns during game-play and lab-based conditions that included hip 
musculature, to consider strategies for lower limb control. Results indicate that when GM 
activation is included in the pattern of activation, a number of different patterns and 
relative frequencies of that pattern exist for each subject, irrespective of game versus 
laboratory conditions. Whilst a variety of patterns continue to exist when muscles 
crossing the knee joint are examined exclusively, during laboratory conditions one pattern 
(MH, BF, RF) tended to occur most frequently for all subjects. Thus a consistent pattern 
at the knee and inconsistent pattern at the hip tended to exist in the current study. Further 
investigation is warranted into understanding whether consistency or inconsistency in 
activation patterns at both the knee and hip may affect injury risk. It is possible that 
inconsistency may be required to adapt to the random nature of game play or vice versa. 
No known studies to date have examined a similar concept and thus comparison is 
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limited. Different activation patterns in response to external loading (Lloyd & Buchanan, 
2001) and unanticipated versus preplanned conditions (Besier et al., 2003) have been 
examined. Both studies show, that muscle activation patterns do exist and vary in 
response to sports tasks that have been linked with ACL injury. The current study also 
supports findings from gait research that suggests that a select number of muscle 
activation patterns exist that produce limb kinematics (Ivanenko et al., 2004). The current 
findings suggest however, that the hip may be a key factor when examining lower limb 
control, particularly during game play and requires further investigation in relation to 
ACL injury risk. 
In summary the only significant difference between the game and lab-based measures is 
RF onset to IC, which was not accounted for by approach speed, timing between foot 
strikes or kinematic data. Whilst statistical significance was not consistently found, results 
did suggest that knee flexion at landing tended to be greater during game-play.  
The key aspect of the current study was to establish a lab-based measure that best mimics 
game play, based on the parameters investigated within this study. One significant 
difference (RF onset to IC) existed between the game and all laboratory data. Thus 
overall, the lab-based measures used within the current study did replicate game-play 
measures. Analysis of which lab-based measure best replicated game play and additional 
kinematic differences however, between the laboratory conditions indicate that the more 
complex laboratory condition better reflected game play in comparison to the least 
complex condition.  
Results showed that the values for the more complex lab-based condition were more often 
closer to the game-play measures, when compared with the less complex condition. 
However it was interesting that significant differences were found for knee flexion at 
landing between the game and least complex condition and the frontal view angle 
between the two more complex laboratory conditions and the least complex condition (4 - 
Land). This suggests that not only is the complexity of the task important in best 
reflecting game-play measures, but also a task of inadequate complexity could result in 
inaccurate conclusions regarding injury risk formulated from lab-based investigations. 
Valgus lower limb alignment for example, has been identified as a primary ACL injury 
mechanism (Olsen et al., 2004) and has also been shown to predict injury risk in females 
(Hewett et al., 2005b). Kirkendall and Garrett (2000) and Olsen et al. (2004) have also 
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found that ACL injury tended to occur with the knee closer to extension with a combined 
valgus component. Results from the current study showed that condition 4 – Land, the 
least complex condition, resulted in the knee closer to extension on landing with a greater 
frontal view knee angle at landing. These findings were significantly different from the 
more complex laboratory conditions and game trends. Formulating conclusions therefore, 
regarding injury risk based on laboratory investigations during tasks of low complexity is 
concerning. Based on the current study, key components linked with ACL injury risk, that 
is, valgus lower limb alignment and knee flexion angles tend to be exaggerated in tasks of 
low complexity. It is important that ACL injury research does not concentrate solely on 
these elements when there may be additional components contributing more to injury risk 
during actual game play. In addition, compounding the potential for erroneous 
conclusions regarding injury risk is the fact that a number of ACL studies using lab-based 
investigations use non sports specific tasks, such as drop landings/jumps (Chimera et al., 
2004; Hewett et al., 2005b; Hewett et al., 1996; Lephart et al., 2005; Myer et al., 2005; 
Swartz et al., 2005). The current study showed that even when a sports specific task was 
used, for example a run up and leap landing, if the complexity of the task is insufficient, 
erroneous conclusions regarding injury risk may occur. 
 
3.5 Conclusion  
When examining high risk sporting movements, there is evidence that, if laboratory 
conditions are of appropriate complexity, what is tested in the lab may reflect the game. 
These findings predominantly support the hypotheses that the more complex laboratory 
tasks best reflected game-play measures when compared to the least complex laboratory 
tasks. However more research is required to ensure that any subtle differences between 
the game and laboratory setting are not key components to understanding injury 
mechanisms. In addition, game-play measures of within-subject variability differ from 
even complex laboratory tasks and thus to fully understand within-subject variability and 
possible injury risk, game-play analysis is required. Finally, the role of the hip in lower 
limb control warrants further investigation as a possible explanatory factor contributing to 
ACL injury rates in females. 
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Chapter 4: An investigation of neuromuscular characteristics 
for two intervention programs  
4.1 Introduction 
Neuromuscular control during high risk sporting movements is viewed as a risk factor 
contributing to non-contact anterior cruciate ligament (ACL) injury, particularly in 
females (Griffin et al., 2000). Although the mechanism of injury remains relatively 
unclear, it has been found that intervention programs have reduced the risk of ACL injury 
(Caraffa et al., 1996; Cerulli et al., 2001; Chimera et al., 2002; Cochrane et al., 2003a; 
Cochrane et al., 2003b; Hewett et al., 1999; Hewett et al., 1996; Mandelbaum et al., 2005; 
Myklebust et al., 2003; Wojtys et al., 1996). Despite the reported success of current 
intervention programs, it is still relatively unknown what adaptations, particularly 
neuromuscular, contribute to the ultimate success of a program. This may explain why 
ACL injury trends continue to exist despite key intervention programs being implemented 
within some sports. Agel et al. (2005) found that ACL injury rates in NCAA female 
basketball and soccer have remained consistent over the past 13 years, despite 
intervention programs targeting these sports. Until a clearer understanding of 
neuromuscular adaptations to training is known, the potential to develop the most 
effective intervention programs that directly targets ACL injury risk factors may be 
compromised. 
A number of successful intervention strategies have been implemented that utilise a 
variety of training modalities. However, very little evidence of the precise neuromuscular 
changes resulting from each specific training modality exists. It is important, therefore, to 
determine the effect of each component of the intervention program to understand the 
impact each modality has had on reducing ACL injury risk (Myklebust et al., 2003; 
Wedderkopp et al., 2003). Recently, various authors have attempted to isolate some 
common training methods employed in intervention programs. Cochrane et al. (2003a; 
2003b) compared strength and balance training in combination and isolation, reporting 
that balance training had the greatest influence on reducing potentially hazardous joint 
loads. It was also noted that strength training appeared less favourable for joint stability, 
reporting an increase in varus/valgus moments post- training (Cochrane et al.). Myer, 
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Ford, McLean and Hewett (2006) compared plyometric and dynamic stabilisation - 
balance training. It was reported that both programs showed to reduce lower limb valgus 
measures, with subtle differences in sagittal plane kinematics between each group.  
Chimera et al.(2004) focused on plyometric training only, reporting an improvement in 
preparatory muscle activity that may enhance functional joint stability and reduce injury 
risk. Caraffa et al. (1996) also showed reduced ACL injury rates with ankle disc training 
only. Lephart et al. (2005) attempted to compare plyometric training with a basic 
resistance training program. However, both intervention groups performed the same 
resistance training regimen for the first half of the training period, followed by one group 
continuing with a plyometric program whilst the other continued with the resistance 
format. Results indicated that both groups made favourable changes, as defined by 
improved knee extensor isokinetic strength, increased knee and hip flexion, and greater 
gluteus medius activity, that may reduce ACL injury risk and the authors concluded that 
plyometric training may be used, with strength training, to further improve the desired 
outcomes of intervention programs.  
The Lephart et al. (2005) intervention program highlights a common limitation with 
studies where a variety of training modalities have been included. The resistance program 
used by Lephart et al. included flexibility, balance and resistance exercises. Similarly, 
Hewett et al. (1996) conducted a plyometric program that included jump training, weights 
and stretching. Whilst both programs reported success in reducing ACL injury risk, 
understanding which component of the training created the desired effect is difficult. 
There also seems to be an assumption, albeit logical, that strength training is an important 
foundation for intervention programs due to its inclusion in a number of intervention 
strategies. Cochrane et al. (2003a; 2003b) however, found strength training to be less 
favourable and therefore programs that include strength training, particularly free weights 
may be reducing the efficacy of the intervention program. Wojtys et al. (1996) examined 
agility versus strength (isotonic and isokinetic) training, reporting improved muscle 
reaction time to anterior tibial translation for agility training in comparison to strength 
training. Both of these studies highlight the need to better understand the effect of each 
training modality. In addition, despite efforts to understand the relationship between 
strength and ACL injury risk (Hewett, 2000; Huston et al., 2000; Lephart et al., 2001; 
Medvecky et al., 2000; Wojtys et al., 1996)  there is insufficient evidence that a lack of 
strength is actually a key risk factor for ACL injuries in females. Therefore it seems that 
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balance, landing training (eg. plyometrics) and sports specific skills may be key factors 
for intervention programs. Myklebust et al. (2003) implemented a successful intervention 
program, showing a reduction in ACL injury rates across seasons, that did include all of 
these components. The initial challenge, is to understand how each training component 
influences neuromuscular characteristics and subsequent joint loading and only then, 
should training modalities be combined in an attempt to create an optimal program.  
Concurrently, it is vital to understand whether neuromuscular and biomechanical changes, 
as a response to the intervention program, are potentially transferring into the game 
setting. This is a crucial component of intervention programs as the primary objective is 
to alter potentially hazardous postures within the game setting, when injuries are most 
likely to occur (Gomez et al., 1996). To date, limited numbers of intervention studies 
(Cochrane et al., 2003b; Cowling et al., 2003) have based their pre- and post- testing 
protocol on evaluations of sport specific skills, rather utilising simple and non-sport 
specific tasks (Chimera et al., 2004; Hewett et al., 1996; Holm et al., 2004; Lephart et al., 
2005; Myer et al., 2005; Wilkerson et al., 2004). Some recent training studies have 
attempted to address this void, assessing pre- and post- biomechanical and neuromuscular 
measures during a variety of sports relevant running, cutting, pivoting and ball catching 
tasks (Cochrane et al., 2003b; Cowling et al., 2003). It still remains unclear however, 
whether a realistic game environment is being presented in these instances. It is important 
at this point, not to disregard the studies that define success based on ACL injury rate as it 
is inadvertently assumed that the intervention strategies have transferred into the game 
setting and hence a reduction in ACL injuries (Caraffa et al., 1996; Hewett et al., 1999; 
Mandelbaum et al., 2005; Myklebust et al., 2003). Thus, regardless of the chosen 
intervention strategy, its ability to successfully alter or modify what are considered to be 
high-risk movement patterns can only be determined if examined within the context of 
movements eliciting realistic ‘game-like’ complexities. Only then, can we begin to truly 
understand the impact of various training modalities and subsequent success of 
intervention programs, particularly in reducing ACL injuries within female athletes. 
Considering the above facts, the purpose of this investigation was to examine changes to 
lower limb movement control strategies, in response to two neuromuscular training 
modalities, namely dynamic balance training and landing training, during dynamic sports 
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postures consistent with actual game play (see Chapter 3). In addition, the effect of the 
intervention in relation to the complexity of the testing conditions was examined.  
4.1.1 Hypotheses 
1. A reduction in ACL injury risk factors and, neuromuscular changes, will be 
evident in the intervention groups when compared with the control group. 
2. A greater reduction in ACL injury risk factors will be more evident in the sport 
specific landing training group when compared with the dynamic balance, training 
group. 
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4.2 Methods 
4.2.1 Approval 
Project approval was given by the University of Ballarat Human Ethics Committee. Prior 
to testing all subjects were informed of the purpose of the research and possible hazards 
via a plain language statement (Appendix J). All subjects were then required to complete 
an Informed Consent statement (Appendix K). 
4.2.2 Subjects 
Three teams, a total of 29 females from the Ballarat Netball Association volunteered to 
take part in the study (Table 11). 
 
Table 11. Mean ± SD details for subjects in team A (N = 7), B (N = 10) and C (N = 7).  
Subject detail Landing group  
Mean ± SD 
Dynamic Balance 
group  
Mean ± SD 
Control group 
Mean ± SD 
Age (yr) 22.29 ± 3.99  22.70 ± 3.97 22.71 ± 7.72 
Weight (kg) 64.54 ± 6.29 71.92 ± 10.42 71.47 ± 7.58 
Height (cm) 171.07 ± 6.94 168.80 ± 7.24 173.57 ± 4.75 
Pre- test – Front thigh 
skinfold – R leg  (mm) 
26.66  ± 4.54 40.02 ± 9.86 32.93 ± 11.53 
Post- test – Front thigh 
skinfold – R leg  (mm) 
27.01 ± 4.98 39.11 ± 9.64 31.89 ± 9.37 
Throughout the testing and intervention period five subjects withdrew from the study 
through injury or other commitments, leaving a total of 24 subjects’ data for analysis. 
Whilst all subjects were actively involved in netball throughout the study, subjects were 
asked to complete a 12-month physical activity recall to ensure that a similarly active 
cohort was being examined (Appendix C). Subjects were also asked to complete an injury 
history survey (Appendix D) to ensure that subjects had no previous lower limb injury, 
particularly to the knee, that may influence results. Front thigh skinfold level was 
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recorded at each testing session for all subjects. Skinfold measurement protocol was 
explained in detail in Chapter 3.  
4.2.3 Study Design 
This study compared two intervention modalities, namely landing training and dynamic 
balance training. Three netball teams were randomly allocated, as a team, to one of the 
training groups or were assigned as the control group. Each training group participated in 
a 6-week training program, which included one face-to-face session and two home based 
sessions per week. Pre- and post- testing was consistent with the laboratory testing 
explained in detail in Chapter 3 (i.e., three laboratory conditions) and was conducted over 
the two weeks prior to, and one week after the 6-week intervention period. Data were 
used to examine muscle onset relative to initial foot contact and the relative muscle burst 
duration, and knee angle at landing. The effect of the intervention across both groups was 
examined, as was the effect of the intervention relative to laboratory conditions of varying 
complexity. 
4.2.4 Intervention program 
Teams were randomly allocated, to one of the training groups Landing or Dynamic 
Balance or were assigned as the Control group. The Landing group was assigned a 
research assistant with extensive netball coaching and teaching experience to follow an 
assigned training regimen. The aim of the Landing program was to focus on sport specific 
landing tasks and incorporate game-like drills with the focus on landing technique. The 
Dynamic Balance group was assigned the principal researcher to follow an assigned 
training regimen. The aim of the Dynamic Balance program was to focus on balancing, 
using an Airex™ balance mat, where control and balance were emphasized. The Control 
group completed pre- and post-testing sessions in synchronization with the Landing and 
Dynamic Balance group testing schedules. 
4.2.4.1 Intervention program format 
The intervention program was conducted over six weeks. Subjects in the two training 
groups were asked to participate in three training sessions per week. One training session 
was included in their regular team training and two sessions per week were conducted at 
home. The home sessions were designed to replicate the training session conducted under 
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the instruction of the research team member, with some modifications where applicable. 
Subjects were given weekly booklets that guided them through each session (Landing 
group – Appendix L, Dynamic Balance group – Appendix M). Each weekly booklet also 
contained a diary page for subjects to complete each week indicating when training was 
conducted and to monitor for additional activities that subjects may have participated in 
that could affect the study. The Control group was also given a six-week diary to 
complete, again to monitor for physical activity participation that may have affected 
results (Appendix N). All training diaries included a rating of perceived exertion scale 
(RPE scale) (Borg, 1990). The inclusion of the RPE scale in the training diary was to 
provide subjects with some standardised measure of the effort they felt they exerted 
during physical activity.  
4.2.4.2 Intervention programs 
The training program used for the Landing group and Dynamic Balance group are 
presented in Appendix O and P, respectively. The training programs were developed 
based on exercises used in current intervention programs (Hewett et al., 1996; Myklebust 
et al., 2003) with necessary adaptations to make the programs applicable to netball. Two 
important aspects that influenced the design and structure of the programs were (1) the 
inclusion of a feedback schedule based on three key guidelines for safe and effective 
landing (Figure 16) and (2) to design a program that could be incorporated into the 
ongoing training regimen of community level players. Therefore it was important that the 
program was time efficient, relevant to the players and simple, to maximise compliance. 
The importance of a feedback schedule that reduces the frequency of the feedback given 
was presented in section 2.4.2.1. Evidence was presented supporting the fact that the 
schedule for providing feedback is critical to maximise the chance of athletes executing 
the optimal strategy in a real setting. 
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1. A Panasonic camcorder (50Hz) to record run up footage in the laboratory testing 
sessions was replaced with a Panasonic CCD Security camera.   
2. Equipment set up for the laboratory testing was as shown in Figure 17. 
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4.2.6 Dependent variables 
A number of dependent measures were obtained from the EMG and kinematic data. Table 
12 presents an overview of the dependent measures analysed. 
Table 12. An overview of the dependent measures analysed from the EMG and kinematic 
data. 
Dependent measure Conditions 
Muscle onset relative to IC (onset to IC) [ms] 2 - 4 
Resultant duration of the muscle activation burst that occurred 
concurrent with IC (muscle burst duration (dur)) [ms] 2 - 4
Sagittal plane knee angle at IC [degrees] (see Figure 5b) 2 – 4 
Sagittal plane maximum knee angle [degrees] (see Figure 5b) 2 – 4 
Frontal plane knee angle at IC [degrees] (see Figure 5a) 2 – 4 
Approach Speed [m.s-1] 2 - 4
Timing between the contralateral foot strike prior to the landing leg 
foot strike (C-L) [sec] 2 - 4
In addition, within-subject variability between conditions was calculated using the SD 
results from the EMG measures. 
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4.2.7 Statistical analysis 
Statistical analyses were conducted using SPSS version 11.5 statistical package. Four 
trials per subject for each condition for each testing session have been used for the 
analyses. Approach speed mean data were first submitted to a one-way ANOVA to 
determine differences between the pre- and post- laboratory testing sessions. Alpha levels 
were set at p L 0.05. Mean values of each of the dependent variables listed in Table 12 
were calculated for each subject for pre- and post- laboratory-testing sessions. Linear 
Mixed Modelling (LMM) was used to determine the effects of condition (1,2,3,4), time 
(pre-, post-) and the interaction between condition and time on each dependent measure. 
LMM was used so that approach speed could be used as a time-varying covariate. Alpha 
levels were set at p L 0.05 and Bonferroni corrections were performed for post hoc 
analysis. A Bonferroni correction involves changing the alpha value (dividing it by the 
number of tests) i.e. changing the critical value rather than the statistic or the p value. 
SPSS instead multiplies the p value by the number of tests.  Comparing this adjusted p
value to the nominal alpha is logically equivalent to a true Bonferroni correction. 
Within-subject variability between conditions was also calculated for each subject. For 
each of the eight dependent EMG variables (onset to IC and duration x four muscles), 
within-subject variability between trials within each condition was also calculated for 
each subject by calculating the SD. The SDs for each set of trials was used to calculate an 
F ratio for each of the three possible condition combinations (2 v 3, 2 v 4, 3 v 4). SD data 
for the set of trials was used to calculate an F value for each of the three possible 
condition combinations (2 v 3, 2 v 4, 3 v 4). For each subject a total of 24 F values were 
thus calculated. Statistical significance of the difference in trial-to-trial variability 
between each pair of conditions was then determined using an F table with appropriate 
degrees of freedom. 
 
4.3 Results 
The results will be presented in the following sections to reflect each purpose of the 
study. To maintain consistency between the results presented in chapters three, four, five 
and six, the laboratory conditions will be 2 – DEF, 3 –No DEF and 4 – LAND. 
4.3.1 Approach Speed 
Approach speeds (mean ± SD (m.s-1)) were calculated and compared between the pre- and 
post- testing sessions for each training group (Figure 18).  
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Table 13. An overview of approach speed differences for each training group. 
 2 - DEF 3 – No DEF 4 - LAND 
pre- (m.s –1) 4.29 ± 0.41 4.28 ± 0.21 4.26 ± 0.23 
post- (m.s –1) 3.93 ± 0.34 3.89 ± 0.24 3.96 ± 0.21 Landing 
difference (m.s –1) - 0.36 - 0.39 - 0.30 
pre- (m.s –1) 4.00 ± 0.28 3.91 ± 0.28 3.48 ± 0.23 
post- (m.s –1) 3.65 ± 0.26 3.62 ± 0.15  3.26 ± 0.17  Dynamic Balance 
difference (m.s –1) - 0.35 - 0.29 - 0.22 
pre- (m.s –1) 4.00 ± 0.25 4.07 ± 0.15  3.97 ± 0.22 
post- (m.s –1) 3.86 ± 0.30 3.70 ± 0.17 3.51 ± 0.22 Control 
difference (m.s –1) - 0.14 - 0.37 - 0.46 
Mean approach speed results indicate that all groups for all conditions were significantly 
slower in the post- testing session. The overall difference for the Landing and Dynamic 
Balance groups tended to be similar across all conditions. In comparison, the control 
group recorded a 0.14s difference between pre- and post- testing for condition 2 – DEF 
versus a 0.46s difference for condition 4 – LAND. 
4.3.2 EMG onset & duration 
Table 14 shows results for the LMM analysis on the effect of the intervention for the 
mean EMG onset to IC and muscle burst duration data. A more detailed breakdown of the 
mean, standard error (SE), CI range and post hoc analysis results for each dependent 
variable and muscle are available in Appendix Q. 
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Table 14. The p value results for the LMM analysis that examined the effect of the 
intervention for the mean EMG onset to IC and muscle burst duration data (N = 
24). Statistically significant results (p L 0.05) have been shaded. 
EMG onset to IC 
 group (gp) 
cond 
(c) 
time 
(t) gp*c gp*t c*t gp*c*t 
RF onset 0.963 0.000 0.462 0.519 0.359 0.759 0.935 
BF onset 0.427 0.538 0.459 0.181 0.057 0.539 0.028 
MH onset 0.186 0.791 0.344 0.659 0.686 0.496 0.848 
GM onset 0.136 0.019 0.010 0.845 0.027 0.895 0.982 
EMG muscle burst duration 
 group (gp) 
cond 
(c) 
time 
(t) gp*c gp*t c*t gp*c*t 
RF dur 0.503 0.001 0.011 0.159 0.632 0.844 0.313 
BF dur 0.236 0.082 0.992 0.636 0.408 0.717 0.057 
MH dur 0.971 0.003 0.014 0.398 0.643 0.605 0.798 
GM dur 0.123 0.016 0.003 0.798 0.031 0.153 0.736 
Results in Table 14 indicate that the groups were homogenous and thus group, does not 
influence the ensuing results. The intervention was shown to affect GM onset to IC, RF, 
MH and GM muscle burst duration, with significant differences in time recorded between 
pre- and post- testing. Figure 19 presents the mean EMG (ms) results for the variables 
with significant differences in time. 
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Figure 19. Line graphs presenting the mean, pre- and post- testing, EMG (ms) results for 
the variables with statistically significant differences in time a) RF muscle burst 
duration, b) MH muscle burst duration, c) GM onset to IC and d) GM muscle 
burst duration. 
Figure 19 shows an approximately 40ms increase in RF muscle burst duration and 40ms 
decrease in MH muscle burst duration. GM onset to IC and muscle burst duration 
decreased by approximately 100ms and 200ms, respectively. 
 
4.3.2.1 The effect of the intervention on training group 
Interactions were found between group*time for GM onset to IC (F (2,23) = 3.748, p = 
0.027) and GM duration (F (2,23) = 3.613, p = 0.031). Figure 20 presents the mean EMG 
(ms) results for these interactions. 
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Figure 20. Mean EMG (ms) results for the interaction between group*time for a) GM 
onset to IC and b) GM dur. 
Results in Figure 20 show that the effect of the intervention is evident in the Landing 
group for both the GM onset to IC and muscle burst duration. To a lesser extent, the effect 
of the intervention is evident in the Control group for GM muscle burst duration. 
Table 15 provides the mean differences (ms) for GM onset to IC and muscle burst 
duration for each training group for each condition.  
 
a) b)
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Table 15. The mean differences (ms) between pre- and post- testing for each group and 
condition for GM onset to IC and muscle burst duration (N = 24). A positive value 
indicates that the time was greater at post- testing. Onset was therefore further 
from IC. 
 INTERVENTION GROUP 
GM onset to IC Landing  Dynamic Balance Control  
2 – DEF 258 6 13 
3 – No DEF 237 47 61 
4 - LAND 174 25 41 
GM muscle burst 
duration Landing  Dynamic Balance Control  
2 – DEF 308 10 72 
3 – No DEF 571 60 275 
4 - LAND 130 + 18 135 
Results indicate that GM onset to IC was closer to IC for all groups and conditions, post- 
intervention. However the Landing group was shown to have the greatest reduction in 
onset to IC time over all conditions when compared with the Dynamic Balance group or 
Control group. GM muscle burst duration time was of shorter duration, post- intervention 
in all but one condition within the Dynamic Balance group. Again, the Landing group 
was shown to reduce GM muscle burst duration more so than the Dynamic Balance group 
or Control group. Therefore in summary, post- intervention the GM onset to IC was 
closer to IC and GM muscle burst duration was shorter across all groups and conditions, 
with the greatest changes occurring in the Landing group. 
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4.3.2.2 The effect of the intervention on condition 
Differences were found for condition for RF onset to IC (F (2,23) = 10.37, p = 0.000), 
GM onset to IC (F (2,23) = 4.11, p = 0.019), RF muscle burst duration (F (2,23) = 7.916, 
p = 0.001), MH muscle burst duration (F (2,23) = 6.063, p = 0.003) and GM muscle burst 
duration (F (2,23) = 4.292, p = 0.016). Post hoc analysis revealed a statistically 
significant difference for RF onset to IC between conditions 2 – DEF and 4 – LAND (p = 
0.000), and conditions 3 – No DEF and 4 – LAND (p = 0.029). No additional post hoc 
results were revealed. Table 16 shows the mean (ms) for each condition for each muscle 
onset to IC and burst duration.  
 
Table 16. The mean (ms) for each condition for each muscle, onset to IC and burst 
duration, to examine the effect of the intervention on condition. 
 DEF No DEF LAND 
RF onset * 68 63 54 
RF dur * 475 469 412 
BF onset 180 189 187 
BF dur 307 336 304 
MH onset 185 187 190 
MH dur * 348 360 310 
GM onset * 278 262 171 
GM dur * 537 555 390 
* denotes statistical differences 
Results indicate that where statistical significance was noted, condition 4 – LAND was 
consistently the lowest value.  
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4.3.2.3 Interactions between group, condition and time 
A three way interaction between group*condition*time was also found for BF onset to IC 
(F (2,23) = 2.847, p = 0.028). Table 17 presents the mean differences (ms) for BF onset to 
IC for each condition and intervention group. 
 
Table 17. The mean differences (ms) for BF onset to IC between pre- and post- testing for 
each group, for each condition (N = 24). A positive value indicates that the time 
was greater at post- testing. Onset was therefore further from IC. 
BF onset to IC Landing  Dynamic Balance Control  
2 – DEF 30 + 15 + 16 
3 – No DEF + 13 + 16 82 
4 - LAND 17 + 17 6 
Table 17 shows that the Dynamic Balance group consistently recruited BF further from 
IC post- intervention. In comparison the Landing group and Control group were shown to 
recruit BF closer or further from IC relative to the condition, post- intervention. 
4.3.3 2-D Kinematic results 
Table 18 shows the results from the LMM analysis that examined the effect of the 
intervention for the 2-D kinematic data. A more detailed breakdown of the mean, standard 
error (SE), CI range and post hoc analysis results for each dependent variable are 
available in Appendix R. 
 
115
Table 18. The p value results for the LMM analysis that examined the effect of the 
intervention for the 2-D kinematic data (N = 24). Statistically significant results (p 
L 0.05) have been shaded. 
Kinematic data: Sagittal plane 
 group (gp) 
cond 
(c) 
time 
(t) gp*c gp*t c*t gp*c*t 
knee angle 
at IC 0.035 0.036 0.010 0.910 0.064 0.640 0.873 
maximum 
knee angle 0.664 0.044 0.342 0.982 0.736 0.998 0.936 
Kinematic data: Frontal plane 
group 
(gp) 
cond 
(c) 
time 
(t) gp*c gp*t c*t gp*c*t 
knee angle 
at IC 0.542 0.000 0.083 0.871 0.032 0.909 0.834 
Table 18 shows a statistically significant difference between groups exists, for the sagittal 
plane knee angle at IC. Post hoc analysis revealed a statistically significant difference 
between the Landing group and Control group (F (2,23) = 3.917, p = 0.035). Mean 
sagittal plane knee angle at IC for was 12.1o for the Landing group, 13.5o for the Dynamic 
Balance group and 15.6o for the Control group. 
4.3.3.1 The effect of the intervention on training group 
An interaction between group*time for the frontal plane knee angle at IC was found (F
(2,23) = 3.567, p = 0.032). Table 19 presents the mean differences (degrees) for frontal 
plane knee angle at IC between pre- and post- testing for each group, for each condition.  
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Table 19. Mean differences (degrees) for frontal plane knee angle at IC between pre- and 
post- testing for each group, for each condition (N = 23). A positive value 
indicates that the angle was greater at post- testing, which would represent the 
lower leg closer to vertical alignment. 
Frontal plane – knee 
angle at IC LG DBG CG 
2 – DEF + 2.981 + 1.648 0.945 
3 – No DEF + 3.743 + 2.274 0.399 
4 - LAND + 1.565 + 2.070 + 1.074 
Table 19 shows that for both training groups, frontal plane knee angle at IC was greater 
post- intervention, indicating that the lower limb was closer to a vertical alignment in the 
frontal plane. In comparison the Control group showed minimal changes in frontal view 
knee angle post- intervention. 
4.3.3.2 The effect of the intervention on condition 
Significant differences were found for sagittal plane knee angle at IC (F (2,23) = 3.431, p 
= 0.036) and sagittal plane maximum knee angle (F (2,23) = 3.219, p = 0.044). Post hoc 
analysis revealed that for sagittal plane knee angle at IC condition 2 – DEF was 
significantly different to condition 4 – LAND (p = 0.050). Post hoc analysis of sagittal 
plane maximum knee angle failed to reveal significant results. Figure 21 represents the 
means (degrees) for each condition for the sagittal plane knee angle at IC. 
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Figure 22 shows that the frontal plane knee angle at IC in condition 4 – LAND is less 
than that for conditions 2 – DEF or 3 – No DEF.  
4.3.3.3 Interactions between group, condition and time 
Results indicate that no statistical differences were found for interactions between 
group*condition*time. 
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4.3.4 Timing between foot strikes 
Investigation of timing between foot strikes revealed a statistically significant difference 
between pre- and post- testing (F (2,23) = 28.636, p = 0.000). Figure 23 represents the 
mean difference between pre- and post- testing for each condition, for each group. 
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Figure 23. Mean difference (secs) for timing between foot strikes between pre- and post- 
testing for each condition, for each group. Mean difference = post- testing time – 
pre- testing time.  
Results show that the post- testing time between foot strikes was greater than the pre- 
testing time between foot strikes for all conditions and groups.  
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4.3.5 Within-subject variability 
The statistically significant findings for the within-subject variability comparisons are 
presented in Table 20. 
Table 20. The significant comparisons of within-subject variability, across the EMG 
dependent measures and subjects for each group and condition. The percentage of 
comparisons (TOTAL) where variability was statistically significantly different is 
presented along with the percentage of comparisons where the pre-testing value 
was greater in variability (PRE - greater). 
 TOTAL PRE - greater 
Landing group (total no. of comparisons = 56) n = 7 
2 – DEF 18 % 90 % 
3 – No DEF 14 % 25 % 
4 - LAND 21 % 75 % 
Dynamic Balance group (total no. of comparisons = 80) n = 10 
2 – DEF 19 % 73 % 
3 – No DEF 22 % 61 % 
4 - LAND 14 % 54 % 
Control group (total no. of comparisons = 56) n = 7 
2 – DEF 25 % 43 % 
3 – No DEF 27 % 67 % 
4 - LAND 11 % 33 % 
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SUMMARY 
Approach Speed: 
• Approach speed was found to be significantly different for all groups and thus 
approach speed was used as a covariate. To accommodate a time varying covariate 
a LMM analysis was conducted. 
The effect of the intervention: 
• The intervention was shown to have an effect on GM onset to IC, RF, MH and 
GM muscle burst duration. RF muscle burst duration was shown to increase, 
whilst GM onset to IC, MH and GM muscle burst duration all decreased, post- 
intervention.  
The effect of the intervention on training group: 
• A statistically significant interaction between group and time for GM onset to IC 
and muscle burst duration was found. Results indicate that GM onset to IC was 
closer to IC and a shorter muscle burst duration, post- intervention, particularly for 
the Landing group. 
• A statistically significant interaction between group and time for frontal plane 
knee angle at landing was found. Results showed that for both training groups, 
frontal plane knee angle at IC was greater, post- intervention, indicating that the 
knee was closer to a vertical alignment in the frontal plane. In comparison the CG 
showed minimal changes to frontal plane knee angle, post- intervention. 
The effect of the interaction on condition: 
• Statistically significant differences between conditions were found for RF and GM 
onset to IC, and RF, MH and GM muscle burst duration. During the least complex 
condition (4 – LAND), onset was closer to IC and muscle duration was shorter 
when compared with conditions 2 – DEF and 3 – No DEF. 
• Statistically significant differences were found between conditions 2 – DEF and 4 
– LAND for sagittal plane knee angle at landing, and conditions 2 – DEF and 3 – 
No DEF when compared with condition 4 – LAND for frontal plane knee angle at 
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landing. Condition 4 – LAND resulted in greater knee flexion at landing and a 
smaller angle in the frontal plane, which represents a greater valgus lower limb 
alignment. A statistical difference was found for sagittal plane maximum knee 
angle however post hoc analysis failed to yield specific group differences.  
Interactions between group, condition and time 
• An interaction between group*condition*time was found for BF onset to IC. The 
Dynamic Balance group consistently recruited BF further from IC post- 
intervention. In comparison the Landing group and Control group were shown to 
recruit BF closer or further from IC relative to the condition. 
• Results indicate that no statistical differences were found for interactions between 
group*condition*time for kinematic data. 
Timing between foot strikes: 
• There was a statistically significant difference between the pre- and post- testing 
session. Results show that the post- testing time between foot strikes was greater 
than the pre- testing time between foot strikes for all conditions and groups. 
Within-subject variability: 
• Where statistically significant differences in variability were found, the pre- 
testing measures were more often greater in variability. 
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4.4 Discussion 
Current intervention programs have been shown to reduce potentially hazardous joint 
loading using neuromuscular-based training programs (Caraffa et al., 1996; Cerulli et al., 
2001; Chimera et al., 2002; Cochrane et al., 2003a; Cochrane et al., 2003b; Hewett et al., 
1999; Hewett et al., 1996; Mandelbaum et al., 2005; Myklebust et al., 2003; Wojtys et al., 
1996). A number of these successful intervention strategies have used a variety of training 
modalities and it is often acknowledged that it is important to determine the effect of each 
component (Myklebust et al., 2003; Wedderkopp et al., 2003).  Also, regardless of the 
chosen intervention strategy, its ultimate success can only be determined if examined 
within the context of movements eliciting realistic ‘game-like’ complexities. Therefore 
the purpose of this investigation was to examine changes to lower limb movement control 
strategies, in response to two neuromuscular training modalities, namely dynamic balance 
training and landing training. First it was hypothesized that either training program will 
reduce ACL injury risk factors and, neuromuscular changes, will be evident when 
compared with the control group. Secondly, a greater reduction in risk factors will be 
evident in the sport specific landing training group when compared with the dynamic 
balance, training group. Finally, the effect of the intervention in relation to the complexity 
of the testing conditions was examined.  
Few authors have reported compliance levels in current intervention programs and of 
those who have, there are differences in what compliance represents. Keeping in mind 
that some intervention studies may assume 100% participation and thus reporting 
compliance levels may seem unnecessary. However it may be assumed that if 100% 
participation is required for a program to be successful, this may be unrealistic in the real 
world setting. Hewett et al. (1999) reported compliance levels of 70% based on subjects 
participating in a minimum of four weeks of a six week program. Hewett at el. did not 
indicate if there were criteria that dictated a valid four weeks of participation. For 
example, subjects may have participated in the first four weeks of the program and thus 
qualify for compliance but, fail to participate in the final two weeks prior to testing. Vice 
versa, an athlete may participate in the final four weeks only; it is unknown what 
influence a situation such as this may have on overall results. Therefore the consistency of 
participation may be as important as the final gross level of participation when reporting 
compliance levels. Myklebust et al. (2003) reported a team compliance level based on a 
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minimum number of sessions that each team member participated in, with a minimum of 
75% of the team fulfilling this criteria. Final team compliance levels of 26 – 29 % were 
recorded for seasons one and two, respectively (Myklebust et al.). Based on these key 
intervention studies an overall compliance level of 70 – 75% seems an acceptable 
standard. Results from the current study were 68.3% and 80.1% for the Dynamic Balance 
and Landing groups, respectively and thus compliance levels were deemed acceptable. 
Additionally, participants within the current study were also required to participate in a 
minimum of one session per week to qualify for the study. The current compliance levels 
demonstrate an acceptable level of participation within the current intervention program; 
however, it is possible that they also reflect varying level of enjoyment within each 
program, which in turn may impact the success of an intervention. For instance, the 
landing training may lead to greater compliance because it is perceived to be more 
specific to game skills and thus more enjoyable or conversely seen as more relevant.  
Results showed that statistically significant changes did occur to GM onset to IC, RF, MH 
and GM muscle burst duration, between pre- and post- testing in the current study.  These 
results suggest that changes to the timing (onset to IC and muscle burst duration) of 
muscle activation can be altered during a single leg landing task in response to a training 
program. This was an important factor to initially consider because it is often assumed 
that a neuromuscular change in response to intervention programs has occurred as 
measured by performance for example, vertical jump height (Chimera et al., 2004; Hewett 
et al., 1996; Holm et al., 2004; Myer et al., 2005), changes to biomechanical measures 
(Cochrane et al., 2003a; Hewett et al., 1996; Holm et al., 2004; Myer et al., 2005; 
Wilkerson et al., 2004) or as a result of decreased injury rates (Caraffa et al., 1996; 
Hewett et al., 1999; Mandelbaum et al., 2005; Myklebust et al., 2003). Few intervention 
studies however, have actually examined what neuromuscular changes have taken place 
in response to the training program. Of the intervention programs that have analysed 
EMG (Chimera et al., 2004; Cochrane et al., 2003b; Lephart et al., 2005; Powers et al., 
2004), few have incorporated an assessment of temporal characteristics. Lephart et al. 
(2005) did examine temporal muscle measures during a two-legged landing; however, 
differences in movement tasks and measurement techniques render direct comparison 
between this and the current study virtually impossible. For instance, it is possible that the 
muscle activity in response to a two-legged landing may differ to a one-legged landing, 
when absorption of the entire load is confined to a single limb. 
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The specific implications of altered muscle activation timing in relation to ACL injury 
risk remains relatively unknown. To date it is not clearly defined what constitutes 
inadequate or insufficient muscle activation that may contribute to injury risk. A 
limitation with the current study is that timing of muscle activation was the only EMG 
variable measured. Investigation of additional variables, such as muscle activation levels, 
may have provided additional information regarding the muscle activity. However, even 
with additional information, it is still not clear what characteristics of muscle activation 
would be defined as a risk factor for ACL injury. That is where concurrent investigation 
of kinematic data provides a valuable outcome measure based on previously identified 
risk factors linked with ACL injury. Only then can the implications of neuromuscular 
changes be considered with regards to reducing ACL injury risk. Kinematics changes 
within this study will be considered within the context of specific changes for each 
intervention program.  
Balance training and landing training have been used by numerous authors in ACL 
intervention programs (Caraffa et al., 1996; Cerulli et al., 2001; Chimera et al., 2002; 
Cochrane et al., 2003a; Cochrane et al., 2003b; Hewett et al., 1999; Hewett et al., 1996; 
Holm et al., 2004; Lephart et al., 2005; Mandelbaum et al., 2005; Myer et al., 2005; 
Myklebust et al., 2003; Wojtys et al., 1996). The current study showed that there was an 
interaction between groups for GM onset to IC and muscle burst duration. Post- 
intervention the GM onset to IC was closer to IC and GM muscle burst duration was 
shorter across all groups and conditions, with the greatest changes occurring in the 
Landing group. Kinematic data revealed that for both training groups, frontal plane knee 
angle at IC was greater, indicating a reduced valgus alignment of the lower limb and 
hence, potentially a decrease in ACL injury risk.   
Studies that have examined responses to individual training modalities have also found 
that the effects of training have been evident in both intervention groups. Myer et al. 
(2006) examined plyometric training versus balance training. It was shown that both 
programs reduced lower limb valgus, measured during a single-legged drop landing task. 
Subtle differences however, in sagittal plane kinematics were found for each group. The 
balance training program resulted in an increase in maximum knee flexion during landing 
(Myer et al., 2006). Cochrane et al. (2003b) reported that balance training had the greatest 
influence on reducing potentially hazardous joint loads when compared with strength 
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training as defined by a decrease in valgus/varus loading and increase in knee flexion 
during sidestepping and cross cutting tasks. Contrary to the findings by Cochrane et al., 
Lephart et al. (2005) concluded that basic resistance training produced favourable 
neuromuscular and biomechanical changes in female athletes to improve landing 
mechanics. The current study did not compare strength training measures but what was 
found during the Lephart et al., the current study and an investigation into the effects of 
plyometric training on muscle activation conducted by Chimera et al. (2004) were 
changes to hip muscle activation. All three studies showed that the predominant changes 
in EMG measures occurred predominantly in GM. Chimera et al. showed an increase in 
hip abductor-to-adductor co-activation and concluded that this would enhance functional 
joint stability of the lower limb. Lephart et al. reported an increase in peak preactive and 
integrated EMG of GM in response to training. The current study however, was the first 
to show that changes to GM muscle activation, were concurrent with a decrease in frontal 
plane knee angles for both training groups. These findings support the role of hip 
musculature in potentially reducing ACL injury risk in females. It is possible that the 
feedback given regarding hip control in the training programs stimulated awareness and 
was applied to landing and balance tasks, to ultimately result in GM recruitment that 
better coincided with landing and thus knee control in the frontal plane. These changes to 
GM activation also occurred in the Control group, but the changes were not as great as the 
two training groups.  
The three laboratory conditions were included within the current study to examine 
whether intervention effects were more or less evident relative to the condition 
complexity. It was found that for RF and GM onset to IC, and RF, MH and GM muscle 
burst duration, during the least complex condition (4 – LAND), onset was closer to IC 
and muscle duration was shorter when compared with conditions 2 – DEF and 3 – No 
DEF. Similarly, for sagittal and frontal plane results, condition 4 – LAND was shown to 
be statistically significantly different when compared to the more complex landing tasks.  
The significance of these findings is that differences between the conditions exist and that 
the complexity of the testing task is vital in understanding whether intervention strategies 
may be effective during game-play. The current study showed that a reduction in ACL 
injury risk factors, measured by frontal plane knee angle, was evident in the intervention 
groups. A larger angle in the frontal plane, which represents a lesser valgus lower limb 
alignment, was more evident in the more complex tasks when compared with the least 
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complex task. Therefore being able to formulate accurate conclusions regarding the effect 
of intervention programs, in particular the effect during high-risk manoeuvres during 
game-play is dependent on the complexity of the testing task. It was discussed in Section 
3.4 that subtle, but important differences in relation to ACL injury risk, exist in the 
movement patterns for a more complex task when compared to a less complex task of the 
same sporting manoeuvre. These findings have implications for intervention studies that 
use simple tasks such as drop landings or drop jumps. Aside from a select number of 
sports when vertical jumps are executed as part of game-play, for example blocking in 
volleyball, it is unknown what effect the intervention has had on reducing ACL injury risk 
factors during a high-risk task.  
In the current study a three-way interaction was found for BF onset to IC between group, 
condition and time. It was found that for the Dynamic Balance group, BF post- 
intervention was consistently recruited further from IC. In comparison, in the Landing 
and Control groups, BF recruitment was closer to, or further from, IC depending on the 
condition. This suggests that the dynamic balance training may impact BF recruitment to 
activate sooner coming into a landing task, that does not change relative to the complexity 
of the task. Cochrane et al. (2003b) also found that balance training had the greatest 
impact on reducing potentially injurious loading of the knee. In addition, Myer et al. 
(2006) reported an increase in knee flexion angle and thus possibly load absorption post 
balance training. It is possible therefore, that balance training plays an important role in 
training the hamstring musculature to provide stability at the knee joint that can have an 
impact on reducing overall knee joint loading. 
Cowling et al. (2003) conducted a biofeedback training program aimed at improving 
dynamic quadriceps-hamstring muscle synchrony. It was suggested that overall there was 
no main effect of the training program however, individual adaptations did occur when 
single subject analysis was conducted. Various authors have also suggested that often 
differences in subject results have been observed, however due to high variability, results 
are often not significant (Cowling et al.; Dufek & Zhang, 1996; Hewett, 2000). With this 
in mind, a priori analyses of within-subject variability were conducted. It was found that 
overall the maximum number of statistically significant comparisons within one group 
was 27% (Control group). The Landing group and Dynamic Balance group recorded 21% 
and 22%, respectively for the number of statistically significant comparisons within each 
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group. Therefore, within-subject variability may have minimal impact on overall results. 
Where statistical significance was recorded, the pre-testing measures in more than 50% of 
cases were found to be more variable. It is possible therefore, that training may effect 
within-subject variability, however further investigation is warranted, including 
investigating the implications of this on ACL injury risk, which are still unknown.  
4.5 Conclusion  
The purpose of this investigation was to examine changes to lower limb movement 
control strategies, in response to two neuromuscular training modalities, namely dynamic 
balance training and landing training. In conclusion, both training programs have been 
shown to reduce frontal plane knee motion that has been linked with ACL injury. Results 
suggest that changes to neuromuscular activation of the hip may contribute to this finding, 
demonstrating a possible change to lower limb movement control strategies.  The results 
from the current study therefore support hypothesis one that neuromuscular changes, will 
be evident in the intervention groups when compared with the control group. Hypothesis 
two was also supported with a greater reduction in an ACL injury risk factor (frontal 
plane knee motion) was more evident in the sport specific landing training group when 
compared with the dynamic balance, training group.  
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Chapter 5: CASE REPORT – Predicting ACL injury 
5.1 Introduction 
Non-contact anterior cruciate ligament (ACL) injury is a common and traumatic sports 
injury that occurs at a disproportionate rate in females by comparison to males. The 
underlying mechanism continues to elude researchers. There is growing evidence, 
however, that neuromuscular control is a primary risk factor and valgus lower limb 
alignment can predict ACL injury, particularly in females (Griffin et al., 2000; Hewett et 
al., 2005b; Olsen et al., 2004). Current intervention programs aim to alter neuromuscular 
control to reduce potentially injurious postures and subsequent joint loading (Cochrane et 
al., 2003a; Hewett et al., 1996; Myer et al., 2005; Powers et al., 2004). In addition, 
screening methods aimed at identifying an athlete’s ability to control valgus lower limb 
alignment are emerging (McLean et al., 2005b; Noyes et al., 2005).  
The underlying cause for an increased valgus lower limb alignment is, however, still 
unclear. Neuromuscular control of the hip and muscles surrounding the knee is considered 
a risk factor (Cowling & Steele, 2001c; Hewett et al., 2005; Leetun, Lloyd Ireland, 
Willson, Ballantyne, & McClay Davis, 2004). There is also evidence that variability in 
neuromuscular strategies to achieve relatively consistent kinematic patterns exists 
(Ivanenko et al., 2004). Therefore until greater understanding of a possible neuromuscular 
dysfunction that may correlate with increased valgus lower limb alignment is known, it 
may be erroneous to rely on valgus lower limb alignment as a primary predictor of ACL 
injury.  
The question also remains however, as to why a female can perform common, albeit high-
risk tasks countless times throughout sporting involvement, with consistent lower limb 
alignment patterns and yet a one-off incident results in injury. Understanding 
neuromuscular characteristics prior to an ACL injury could be invaluable in elucidating 
injury mechanisms and contribute to the development of accurate screening methods.  
However, prospective neuromuscular-based studies in an attempt to identify predictors of 
ACL injury would be very difficult because any time lapse between testing and injury 
may deem results questionable, as neuromuscular measures can be influenced, for 
example, with training.  
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This case report discusses the findings from a subject who sustained an ACL injury six 
days post- testing (from the study described below). Interpretation of these results hopes 
to provide further insight into specific neuromuscular predictors of ACL injury risk. This, 
in turn, may afford a greater knowledge for effective screening of those who may be at 
risk of an ACL injury.    
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5.2 Methods 
The methodology applicable to this case study has been previously discussed in detail in 
Chapter 3. 
5.2.1 Subject 
The ACL injured subject details have been summarized in Table 21.  
Table 21. A summary of the ACL injured subject details.  
Subject detail  
Age (yr) 38  
Weight (kg) 77.5 
Height (cm) 169 
Game – Front thigh skinfold – R leg  (mm)* 27.5 
Game – Front thigh skinfold – L leg  (mm)* 27.0 
Lab – Front thigh skinfold – R leg  (mm)* 28.2 
Lab – Front thigh skinfold – L leg  (mm)* 27.6 
Lower limb injury history nil 
Children x 3 (youngest 11 yrs) 
*Skinfolds were taken by a Level 1 anthropometrist with a TEM - Front thigh – 6.3mm 
 
5.3 Injury Incident 
The following injury incident description was obtained by way of a phone interview with 
the player within one week of the injury. 
The player ran for a ball that was going out of court. As she reached the court boundary 
she performed an abrupt one-legged stop. As her foot was planted, she twisted/attempted 
to pivot whilst bringing the ball back into play when she heard a snap. She attempted to 
continue pivoting, however her leg gave way and she fell to the floor. 
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5.4 Surgeon report 
Prior to reconstructive surgery, the researcher approached the ACL injured subject and 
requested permission to obtain the orthopaedic surgeon’s report post surgery. Permission 
was granted and the report is presented below.  
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5.5 Results 
The ACL injured subject only performed one leap landing during game play, so no 
comparisons using game data have been made. The left knee sustained the ACL injury. 
The sequence that the ACL injured subject performed her lab landings were condition 4 – 
Land, followed by condition 2 – DEF and finally condition 3 – No DEF.  
5.5.1 Approach Speed 
Approach speed means ± SD (m.s-1) were calculated and compared in Figure 24 for the 
ACL injured subject versus the other subjects for all laboratory conditions. No notable 
difference in approach speed was found between the ACL injured subject and other 
subjects. 
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Figure 24. Approach speed for the ACL injured subject versus the other subjects (N = 8) 
for all laboratory conditions.  
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5.5.2 A comparison of the ACL injured subject’s injured versus non-injured 
leg 
Taking into account all EMG, onset to IC measures, the ACL injured player was the only 
player within study one to record an onset of muscle activation post IC in her trials (onset 
post IC). Onset post IC only occurred in the injured leg. Table 22 provides details of trials 
where an onset occurred post IC for all muscles and each laboratory condition. 
 
Table 22. An overview of the percentage of trials where an onset occurred post IC for all 
muscles and each laboratory condition. Comparison was made between the ACL 
injured subjects injured (L) versus non-injured leg (R). 
 RF BF MH GM 
R 0 % 0 % 0 % 0 %
2 - DEF 
L 20 % (N=5) 50 % (N=4) 50 % (N=4) 20 % (N=5)
R 0 % 0 % 0 % 0 %
3 - No DEF 
L 80 % (N=5) 20 % (N=5) 0 % 0 %
R 0 % 0 % 0 % 0 %
4 - LAND 
L 0 % 0 % 0 % 0 %
Table 22 shows that in the most complex laboratory condition 2 – DEF, the ACL injured 
subject recorded onset post IC in all muscles measured in the injured leg. During 
condition 3 – No DEF, the ACL injured subject recorded onset post IC in RF and BF 
only, and only in the injured leg. In contrast, no onset post IC was recorded for either leg 
in the least complex laboratory condition. 
Figure 25 shows that mean ± SD (degrees) data for the knee joint sagittal plane results. 
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Figure 25. The mean ± SD (degrees) data for the sagittal plane knee angle at IC and 
maximum knee angle for the ACL injured subject. The results have been 
presented by condition. Landings have been divided into those where an onset 
post IC occurred in comparison to the landings where onset was prior to IC. 
Figure 25 indicates that there was no remarkable difference between the sagittal plane 
knee angle at IC and maximum knee angle when comparing the landings where an onset 
post IC occurred with landings where onset was prior to IC.  
The mean ± SD (degrees) data for the frontal plane knee angle at IC are presented in 
Figure 26.   
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Figure 26. The mean ± SD (degrees) data for the frontal plane knee angle at landing for 
the ACL injured subject. The results have been presented per condition. Landings 
have been divided into those where an onset post IC occurred in comparison to the 
landings where onset was prior to IC. Insufficient data were available to report a 
SD value for the frontal plane angle at IC for condition 2 – DEF, onset prior to IC.  
Results from Figure 26 show that the mean frontal view knee angle at landing was similar 
across all conditions, irrespective of whether muscle onset was prior to or post IC.  
Figure 27 presents the timing between ipsilateral to contralateral (I – C) and contralateral 
to landing leg (C – L) foot strikes per condition for the ACL injured subject.  
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Figure 27. The timing between foot strikes per condition for the ACL injured subject. 
Landings have been divided into those where an onset post IC occurred in 
comparison to the landings where onset was prior to IC. 
Timing between foot strike results indicate no remarkable difference in timing between 
onset prior to IC when compared with onset post IC for the ACL injured subject.  A result 
however, that is noteworthy is the lower I – C timing for condition 3 – No DEF, onset 
post IC. Eighty percent of RF onset was post IC for this condition. 
5.5.3 A comparison of the ACL injured subject with the other subjects who 
took part in study one and two 
Mean data for the ACL injured subject’s trials where onset occurred post IC were 
compared with the other subjects who took part in both study one (Chapter 3) and two 
(Chapter 4). The mean of pre- and post- subject data from Chapter 4, was used for the 
comparisons. Results for each dependent variable have been examined using scatter plots 
and presented in Appendix S.  
Table 23 presents the mean ± SD (ms) results for the comparison between ACL injured 
subject and all other subjects. 
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Table 23. The mean ± SD (ms) results for the ACL injured subject trials where onset 
occurred post IC in comparison to the mean results from all subjects from 
Chapters 3 (N = 8) and 4 (N = 24).  
 ACL injured -
onset post IC trials 
Group results 
from Chapter 3 
Group results 
from Chapter 4  
RF on - 90 ± 61 ms 84 ± 28.9 ms 61 ± 15.0 ms 
BF on - 96 ± 70 ms 177 ± 33.0 ms 183 ± 37.3 ms 
MH on - 37 ± 11 ms 250 ± 78.4 ms 185 ± 22.3 ms 
GM on - 62 ± 0 ms 213 ± 80.9 ms 182 ± 77.2 ms 
Sagittal plane – 
angle at IC 12 ± 2.6
o 10 ± 2.1o 14 ± 2.8o
Sagittal plane – 
max knee angle 59 ± 3.8
o 49 ± 5.7o 50 ± 4.6o
Frontal plane – 
angle at IC 164 ± 1.4
o 171 ± 3.1o 171 ± 3.9o
Table 23 shows that aside from the obvious difference of muscle onset post IC, frontal 
plane knee angle at IC was approximately seven degrees greater and sagittal plane 
maximum knee angle was approximately nine degrees greater for the ACL injured subject 
when compared to Chapters 3 and 4 results.  
5.5.4 Within-subject variability 
Across all EMG dependent measures for the ACL injured subject, a total of 24 F value 
comparisons were made for each leg to determine within-subject variability. Of these, 
variability was significantly different for 14 of the comparisons and in 10 of these cases 
the injured leg showed greater variability. 
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SUMMARY 
The ACL injured subject, 
• Was the only player to record onsets post IC in her trials. 
• Recorded increased frontal plane knee angles when compared to the other 
subjects. 
• Recorded increased sagittal plane knee angles when compared to the other 
subjects. 
• Recorded greater variability for the injured limb when compared to the non-
injured limb. 
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5.6 Discussion 
A player will often sustain an ACL injury whilst performing a common, albeit high-risk 
task. This is a perplexing aspect of ACL injuries and potentially a reason why a clear 
understanding of the injury mechanism is still unknown. The results presented for this 
subject, however highlight the potential for this phenomenon to be explained. 
 It has been found that muscle activation patterns are pre-planned during sports 
movements and activate prior to loading to counter potentially injurious moments (Besier 
et al., 2003; Lloyd & Buchanan, 2001; Neptune et al., 1999). Therefore onset of muscle 
activation occurring post IC potentially renders the knee joint extremely vulnerable to 
injury, relying on predominantly passive restraints to counter loading during high-risk 
tasks. During the simple and less complex landings, the ACL injured subject consistently 
activated the major muscle groups prior to initial contact. However with increasing and 
more ‘game-like’ complexity, results suggest that she was unable to recruit a functional 
level of activation prior to IC, with 40% of her landings with activation occurring after 
foot-ground contact. Considering the link between muscle force and joint stability 
presented above, such actions may explain her apparent increased risk of ACL injury 
during these movements. 
Previously, valgus lower limb alignment has been proposed to predict ACL injury 
(Hewett et al., 2005b) and knee valgus motions and loads significantly increase ACL 
loading (Kanamori et al., 2000; Markolf et al., 1995). The current ACL injured subject’s 
data supports this contention showing an increased frontal plane knee angle when 
compared with mean data from the non-injured population within this thesis. In addition, 
the concurrent increase in sagittal plane knee angle may indicate a reduced capacity to 
control deceleration on landing, thus potentially rendering the knee joint less stable. 
A within-subject comparison of the injured versus non-injured limb data yielded little 
difference in terms of resultant kinematics, yet a definite neuromuscular dysfunction was 
demonstrated in the injured limb. At this point, it is important to acknowledge that it is 
unknown whether the neuromuscular dysfunction that was evident during laboratory 
testing for this subject occurred at the time of actual injury. This case study however, 
provides some insight into a neuromuscular dysfunction that may be occurring concurrent 
with frontal plane lower limb alignment that may better predict injury risk. It is possible 
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that while lower limb alignment is indeed a factor associated with ACL injury, 
elucidating females truly at risk may rely on investigation of neuromuscular activity. This 
is particularly relevant when assessing the effect of intervention programs. Relying on 
changes to kinematic parameters may actually not reduce potential ACL injury risk if a 
neuromuscular dysfunction is occurring. 
Currently, the relationship between within-subject variability and injury risk is unknown. 
There is some evidence linking variability and overuse injuries (James et al., 2000). 
However, these authors also acknowledge that results were also inconsistent and thus 
further research is warranted to verify such a relationship. This case study provides some 
evidence that an increase in within-subject variability may not be desirable. The current 
subject showed a considerably greater level of within-subject variability between the 
injured and non-injured limb. It is possible however, that within-subject variability may 
only contribute to ACL injury risk if other contributing factors are present. It is important 
that we do not assume that an increase in variability during a landing task automatically 
increases potential injury risk. An increase in variability may actually be preferred as it 
may reflect adaptability to the variety of situations that can present during game play. 
Increased variability may also be imperative for athletes’ capacity to respond to the 
functional demands of dynamic activity (Davids et al., 2004). However it may also 
suggest that a player has an increased likelihood of performing an injurious movement. 
Further investigation is required to fully understand this possible relationship.  
5.7 Conclusion  
This is only a single subject case report, however this case study does provide valuable 
insight into a potential neuromuscular dysfunction prior to an ACL injury. It also shows 
that in addition to examining lower limb alignment during high-risk tasks; investigation 
of neuromuscular activity may be necessary to better predict ACL injury risk or examine 
intervention effects. 
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Chapter 6: CASE REPORT – An analysis of neuromuscular 
measures within game play, post 6-week intervention 
6.1 Introduction 
It has been identified in previous chapters that it is vital to understand whether 
neuromuscular and biomechanical changes as a response to an intervention program are 
potentially transferable into the game setting. To date, limited numbers of intervention 
studies (Cochrane et al., 2003b; Cowling et al., 2003) have based their pre- and post- 
testing protocol using a sport specific skill; often simple and non-sport specific tasks are 
employed.  
With this in mind, the impetus for Chapter 3 was to validate a lab-based measure that best 
mimicked game play. Overall, when examining muscle activation and kinematic 
measures during a netball leap landing, it was found that our laboratory conditions 
generally reflected what occurred during game play. The primary statistically significant 
difference was found when examining RF onset to IC. There was also evidence that the 
more complex laboratory conditions better-mimicked game play. Despite the findings in 
Chapter 3, all three-laboratory conditions were implemented as part of the testing 
protocols in Chapter 4. This was to examine whether the effect of the intervention 
differed depending on the complexity of the testing protocol. Results from the 
intervention program indicated that the intervention effects did not differ across all 
conditions of varying complexity. Due to the fact however, that subtle differences in 
movement pattern existed for the least complex laboratory condition when compared with 
the two more complex conditions, examining intervention effects in complex and game-
like tasks is still important. Although a valid lab-based measures that best mimicked game 
play was developed to implement in the intervention program, RF onset to IC, seems to 
be sensitive to task complexity. 
As a result of this subtle difference, we took advantage of an opportunity to retest post- 
intervention within the game setting. One subject completed both studies within this 
thesis and so pre- and post- game comparisons were possible. A limitation is that 
approximately three months lapsed between the completion of study one and the 
commencement of study two. Whilst it is unclear what impact this may have of the 
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subject’s results, the subject did suggest that her ‘normal’ sporting activities had remained 
constant throughout the entire duration of each study.  
This case report discusses the findings from a subject who had been tested during game 
play in study one, was a participant in the Landing group in study two and was then 
retested in the game setting. 
6.2 Methods 
The methodology applicable to this case study has been previously discussed in detail in 
Chapters 3 and 4. The primary focus for this retesting was to examine EMG data and 
therefore no post- intervention kinematic data during game play was collected for this 
case report. Therefore only one panning camera was used to follow the subject and to 
identify IC.  
6.2.1 Subject 
The subject was 19 years of age, weighed 71.4 kg and was 169cm in height.  
6.2.2 Statistical Analysis 
Statistical analyses were conducted using SPSS – X version 11.5 statistical package. 
Analyses compared mean data and all EMG dependent measures were submitted to an 
independent-samples t-test to determine the difference between game data collected pre- 
and post- intervention. Alpha levels were set at p L 0.05. Seven trials per dependent 
measure were used in the analysis. 
 
6.3 Results 
The mean ± SD (ms) game data collected pre- and post- intervention are presented in 
Figure 28. 
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6.4 Discussion 
This case report was conducted in an attempt to identify changes in neuromuscular 
measures after a landing training intervention program, as tested during actual game play. 
An understanding of intervention effects during game play, when ACL injuries are more 
likely to occur, is paramount in determining the success and effectiveness of intervention 
strategies. This thesis aimed to validate a lab-based measure that best mimicked game 
play and whilst this was achieved it was found that RF onset to IC was the only dependent 
variable that was not successfully mimicked.  
The current case report showed that RF onset to IC was the only variable that was shown 
to be significantly different for this subject post- intervention during game play. RF onset 
to IC was shown to occur further from IC than previous game testing measures. RF onset 
occurred approximately 30ms earlier during post- intervention testing. It is interesting to 
note that while onset occurred further from IC post- intervention, onset was still 
approximately 20ms closer to IC than the average timing found during laboratory testing 
(Section 3.3.2.1). 
A number of limitations exist with this case study. First approach speed data were not 
collected. Second, no kinematic or timing between foot strikes data were collected during 
the second game-play data collection to ascertain whether lower limb alignment and 
timing were similar.   
6.5 Conclusion  
Despite limitations, this case study did provide some insight into actual game play 
measures collected pre- and post- a landing based intervention. The changes found in RF 
onset to IC may be coincidental. The fact however, that this was the only variable that 
was not mimicked during lab-based measures, but may have altered in response to the 
intervention program within this subject is interesting. In addition, despite lab-based 
measures being developed that were shown to mimic game-play, it is important to 
continue investigating game-play. These studies may determine whether subtle 
differences executed during game and lab-based measures are crucial ACL injury 
mechanisms. 
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Chapter 7: Synopsis  
 
7.1 Summary 
This thesis aimed to explore and better understand intervention protocols and their effect 
on lower limb control associated with anterior cruciate ligament (ACL) injury. A 
fundamental and unique aspect of this investigation was to establish a lab-based testing 
protocol that successfully mimicked actual game play. It is believed that only when pre 
and post intervention testing mimics game play can the ultimate success of intervention 
strategies be measured, particularly where success is defined by changes to 
neuromuscular characteristics. 
Landing characteristics exhibited for a leap landing during netball game play were 
mimicked in the laboratory setting provided the lab-based task was of appropriate 
complexity. Subtle differences in RF activation and within-subject variability did exist 
and warrant further investigation to ensure that they are not key components to 
understanding ACL injury mechanisms. Finally, in considering strategies for lower limb 
control, a consistent pattern of muscle recruitment at the knee and inconsistent pattern of 
muscle recruitment at the hip existed. These findings support the need to understand 
whether a relationship between consistency or inconsistency in activation patterns at both 
the knee and hip may affect ACL injury risk.  
A reduction in frontal plane knee motion that has been linked to ACL injury was shown 
to reduce post a landing training and balance training program. Results indicated that 
changes to neuromuscular activation of the hip (GM onset to IC closer to IC and shorter 
muscle burst duration) might contribute to this finding. It was also shown that these 
results were more evident in the more complex testing conditions when compared with 
the least complex condition. This indicates that formulating accurate conclusions 
regarding the effect of intervention strategies may be dependent on the complexity of 
testing condition. 
Each case study provided valuable insight related to key aspects of ACL injury 
mechanisms and prevention strategies that can contribute significantly to future directions 
for research. It was shown that a random dysfunction in neuromuscular activation, 
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concurrent with higher frontal plane knee angles when compared with the cohort within 
this study, might identify females at risk of ACL injury. The subject presented within the 
first case study also showed that while frontal plane knee angle was consistent in both 
limbs, the neuromuscular dysfunction, represented by muscle activation post landing, was 
only evident in the injured limb. Thus, relying on frontal plane knee angle or lower limb 
valgus alignment may overestimate ACL injury risk. Results presented in the second case 
study indicated that changes to RF onset to IC post the landing training intervention might 
be more evident using game-based investigations.   
A number of key findings consistently emerged from the current research. Valgus lower 
limb alignment, which has been represented by frontal plane knee angle in the current 
study has been implicated as a key component in ACL injury risk, particularly in females 
(Hewett et al., 2005b; Olsen et al., 2004). Frontal plane knee angle was shown to be 
smaller in less complex tasks, which represents an increase in lower limb valgus 
alignment, when compared with tasks of complexity that better mimic game play. This 
was consistent across both studies and thus research based on simple or less complex 
landing tasks may be inaccurately representing frontal plane lower limb posture during 
high-risk tasks executed during game-play, when ACL injury is most likely to occur. The 
current research does support however, a link between frontal plane knee angle and injury 
risk, as shown in case study one. The improvement in lower limb alignment, as a 
consequence of both training programs when compared to the control group was therefore 
encouraging.     
Muscle activation at the hip was shown to play an important role in activation patterns for 
muscles crossing the knee joint. In addition, GM activation was the primary muscle that 
was shown to respond to the intervention programs. Changes in GM activation and 
concurrent changes to lower limb alignment suggest that the hip muscles may play an 
important role in controlling the lower limb during a high-risk task and thus potentially 
contributing to ACL injury risk.  
The results found for RF onset to IC across both studies and both case reports indicate 
that RF onset to IC might play an important role in the lower limb during landing. RF 
onset to IC also seems to be sensitive to the complexity of the testing condition. RF (onset 
to IC) was the only muscle to show significant differences between game and lab-based 
testing. Statistically significant differences then occurred when examining the effect of 
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the intervention programs relative to task complexity. RF (onset to IC) was a muscle that 
recorded an onset post IC in case study one. Finally, in case study two, RF (onset to IC) 
was the only muscle to reveal differences post landing training, based on game play 
measures. The implications in RF onset to IC behaviour and ACL injury risk however, are 
unknown. RF behaviour may be a consequence of numerous factors, which includes 
injury risk, but might also be related to performance or upper body control during sport 
specific landing tasks.  
A priori analysis of within-subject variability indicated that greater variability existed 
with more complex landing tasks. The majority of within-subject variability comparisons 
within this study however, were not statistically significantly different. Despite this, more 
than 50% of the comparisons post- intervention, showed a reduction in within-subject 
variability. It is important therefore, that we endeavor to understand the effect of this in 
relation to potential ACL injury risk. 
In conclusion, this research validated a lab-based measure that best mimicked game-play 
to use as a pre- and post-testing measure for two common methods used in current ACL 
intervention strategies. In addition, further understanding of the effects of a landing 
training and balance-training programs were found. In particular changes to GM 
activation and lower limb posture were a significant and unique finding. Subtle 
differences in response to each intervention program did indicate that the landing training 
program might be slightly more effective in reducing an ACL injury risk factor. With this 
in mind, the following recommendations for future research have been proposed. 
Finally, this study has shown that two common ACL intervention strategies are effective 
in reducing an ACL injury risk factor, which may be transferring into game-play, when 
ACL injury is most likely to occur. 
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7.2 Future Research 
The importance of understanding neuromuscular and biomechanical characteristics of 
high-risk sporting tasks linked to ACL injury, during game-play, cannot be understated if 
we are serious about understanding ACL injury mechanisms and reducing injury risk. It 
has been shown that characteristics can differ in response to the complexity of the task, 
even when the same basic sporting movement, in this case the netball leap landing, is 
used.  In addition, it was shown that to facilitate task complexity that mimicked game-
play, sport specific inclusions were incorporated into the lab-based conditions. Thus it is 
important, and inevitably time consuming, that lab-based measures aimed at mimicking 
game-play are specific to a sport. It may be erroneous, for example to assume that landing 
from a rebound jump in basketball would be similar to landing from a volleyball block or 
a sidestepping task in basketball would result in similar neuromuscular characteristics as 
soccer, due to the sport specific environment when the tasks are performed.  
Specific to the netball leap landing, further investigation regarding RF behaviour is 
warranted to ascertain whether differences found in response to task complexity are 
related to ACL injury risk. In addition, this study has provided evidence linking hip 
muscle activation and lower limb alignment, linked to ACL injury. The next step is to 
understand what factors impact hip control during landing.  
The inclusion of three-dimensional video analysis into the current lab-based investigation, 
pre- and post-intervention, would afford the ability to specifically understand what 
segmental changes have occurred to improve frontal view alignment. It would be valuable 
to know whether changes to frontal view alignment occur from a rotational mechanism of 
the hip and knee or an abduction/adduction component. The focus therefore, of future 
intervention programs could be to target this aspect of lower limb control as a coaching 
tool during landing training drills.  
The control of valgus lower limb alignment is emerging as a screening tool for ACL 
injury risk (McLean et al., 2005b; Noyes et al., 2005). More detailed investigation of 
subjects exhibiting lower limb control linked to ACL injury is warranted to include 
muscle activation characteristics of the hip and knee. It is possible that female athletes 
truly at risk of an ACL injury have a combination of factors including poor valgus lower 
limb control and a neuromuscular dysfunction. If this were the case, targeting female 
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athletes at risk would be more specific and potentially effective in reducing ACL injury 
rates. 
The ability to understand a relationship between within-subject variability and ACL 
injury risk would be a mammoth task. A prospective, longitudinal study involving a large 
cohort with both neuromuscular and biomechanical data collected would be required. 
Assuming that these characteristics have not changed considerably between data 
collection and the time of injury, some understanding of within-subject variability and 
injury risk may be concluded. It is important however, to try and understand the 
relationship between within-subject variability and ACL injury risk. In particular, if 
intervention programs, such as those presented within this study are shown to reduce 
within-subject variability. It is possible that a decrease in within-subject variability may 
actually render an athlete more susceptible to injury as their ability to react to a one-off 
potentially injurious landing may be reduced.  
 
151
References 
Agel, J., Arendt, E. A., & Bershadsky, B. (2005). Anterior cruciate ligament injury in 
national collegiate athletic association basketball and soccer: A 13-year review. 
The American Journal of Sports Medicine, 33(4), 524 - 531. 
Amis, A. A., & Dawkins, G. P. C. (1991). Functional anatomy of the anterior cruciate 
ligament: Fibre bundle actions related to ligament replacements and injuries. The 
Journal of Bone and Joint Surgery, 73 - B(2), 260 - 267. 
Arendt, E. A., & Randall, D. S. (1995). Knee injury patterns among men and women in 
collegiate basketball and soccer. The American Journal of Sports Medicine, 23(6), 
694-701. 
Arnoczky, S. P. (1983). Anatomy of the anterior cruciate ligament. Clinical Orthopaedics 
and Related Research, 172, 19 - 25. 
ASMF. (1993). Ankle and Knee Injuries in Elite and Recreational Netballers and 
Basketballers. Victoria: Australian Sports Medicine Federation. 
Bahr, R., & Holme, I. (2003). Risk factors for sports injuries - a methodological approach. 
British Journal of Sports Medicine, 37, 384-392. 
Bahr, R., & Krosshaug, T. (2005). Understanding injury mechanisms: a key component of 
preventing injuries in sport. British Journal of Sports Medicine, 39, 324 - 329. 
Bell, D. B., & Jacobs, I. (1986). Electro-mechanical response times and rate of force 
development in males and females. Medicine and Science in Sports and Exercise, 
18(1), 31-36. 
Bencke, J., Naesborg, H., Simonsen, E., & Klausen, K. (2000). Motor pattern of the knee 
joint muscles during side-step cutting in European team handball: Influence on 
muscular co-ordination after an intervention study. Scand J Med Sci Sports, 10,
68-77. 
Besier, T. F., Lloyd, D. G., & Ackland, T. R. (2003). Muscle activation strategies at the 
knee during running and cutting maneuvers. Medicine and Science in Sports and 
Exercise, 35(1), 119 - 127. 
Besier, T. F., Lloyd, D. G., Ackland, T. R., & Cochrane, J. L. (2001). Anticipatory effects 
on knee joint loading during running and cutting maneuvers. Medicine and 
Science in Sports and Exercise, 33(7), 1176-1181. 
152
Beynnon, B. D., Bernstein, I. M., Belisle, A., Brattbakk, B., Devanny, P., Risinger, R., & 
Durant, D. (2005). The effect of estradiol and progesterone on knee and ankle 
joint laxity. The American Journal of Sports Medicine, 33(9), 1298-1304. 
Biondino, C. (1999). Anterior cruciate ligament injuries in female athletes. Connecticut 
Medicine, 63(11), 657-660. 
Bodor, M. (2001). Quadriceps protects the anterior cruciate ligament. Journal of 
Orthopaedic Research, 19, 629-633. 
Bojsen-Moller, F., & Magnusson, S. (2000). Basic science of knee joint injury 
mechanisms. Scand J Med Sci Sports, 10, 57. 
Borg, G. (1990). Psychophysical scaling with applications in physical work and the 
perception of exertion. Scand J Work Environ Health, 16, 55-58. 
Brukner, P., & Kahn, K. (2000). Clinical Sports Medicine (2nd ed.). Roseville, NSW: 
McGraw-Hill Book Company. 
Bunt, J., Lohman, T., & Boileau, R. (1989). Impact of total body water fluctuations on 
estimation of body fat from body density. Medicine and Science in Sports and 
Exercise, 21(1), 96-100. 
Butki, B., & Hoffman, S. (2003). Effects of reducing frequency of intrinsic knowledge of 
results on the learning of a motor skill. Perceptual Motor Skills, 97(2), 569-580. 
Caraffa, A., Cerulli, G., Projetti, M., Aisa, G., & Rizzo, A. (1996). Prevention of anterior 
cruciate ligament injuries in soccer. A prospective controlled study of 
proprioceptive training. Knee Surg, Sports Traumatol, Arthroscopy, 4, 19-21. 
Caster, B. L., & Bates, B. T. (1995). The assessment of mechanical and neuromuscular 
response strategies during landing. Medicine and Science in Sports and Exercise, 
27(5), 736-744. 
Cerulli, G., Benoit, D., Caraffa, A., & Ponteggia, F. (2001). Proprioceptive training and 
prevention of anterior cruciate ligament injuries in soccer. Journal of Orthopaedic 
& Sports Physical Therapy, 31(11), 655-660. 
Chandrashekar, N., Slauterbeck, J., & Hashemi, J. (2005). Sex-based differences in the 
anthropometric characteristics of the anterior cruciate ligament and its relation to 
intercondylar notch geometry. The American Journal of Sports Medicine, 33(10), 
1492-1498. 
Chappell, J. D., Yu, B., Kirkendall, D. T., & Garrett, W. E. (2002). A comparison of knee 
kinetics between male and female recreational athletes in stop-jump tasks. The 
American Journal of Sports Medicine, 30(2), 261-267. 
153
Chimera, N., Swanik, K., Swanik, C., & Straub, S. (2002, April-June). Effects of 
plyometric training on muscle activation strategies and performance in female 
athletes. Paper presented at the NATA Annual Meeting, Dallas. 
Chimera, N., Swanik, K., Swanik, C., & Straub, S. (2004). Effects of plyometric training 
on muscle-activation strategies and performance in female athletes. Journal of 
Athletic Training, 39(1), 24-31. 
Cochrane, J. L., Lloyd, D. G., Besier, T. F., & Ackland, T. R. (2003a). Changes in 
loading on the knee and knee flexion following lower limb training programmes 
implemented to assess the effect on risk of knee injury and prevention. Paper 
presented at the 2003 Australian Conference of Science & Medicine in Sport, 
Canberra. 
Cochrane, J. L., Lloyd, D. G., Besier, T. F., Ackland, T. R., & Elliott, B. C. (2003b). The 
effect of lower limb training programs on muscular support of the knee and 
prevention of ACL injury. Paper presented at the 2003 Australian Conference of 
Science and Medicine in Sport, Canberra. 
Colby, S., Francisco, A., Yu, B., Kirkendall, D., Finch, M., & Garrett Jr, W. (2000). 
Electromyographic and kinematic analysis of cutting maneuvers. The American 
Journal of Sports Medicine, 28(2), 234-240. 
Cowling, E., & Steele, J. (2001a). The effect of upper-limb motion on lower-limb muscle 
synchrony. The Journal of Bone and Joint Surgery, 83 - A(1), 35-41. 
Cowling, E. J., & Steele, J. R. (2001c). Is lower limb muscle synchrony during landing 
affected by gender? Implications for variations in ACL injury rates. Journal of 
Electromyography and Kinesiology, 11, 263-268. 
Cowling, E. J., Steele, J. R., & McNair, P. J. (2003). Training quadriceps-hamstring 
muscle synchrony: Do group data mask individual lower limb muscle 
coordination strategies? Paper presented at the 2003 Australian Conference of 
Science and Medicine in Sport, Canberra. 
Cram, J. R., Kasman, G. S., & Holtz, J. (1998). Introduction to Surface 
Electromyography. Gaithersburg: Aspen Publishers, Inc. 
Davids, K., Shuttleworth, R., Button, C., Renshaw, I., & Glazier, P. (2004). "Essential 
noise" - enhancing variability of informational constraints benefits movement 
control: a comment on Waddington and Adams (2003). British Journal of Sports 
Medicine, 38, 601-605. 
154
Dawson, B., Hopkinson, R., Appleby, B., Stewart, G., & Roberts, C. (2004). Player 
movement patterns and game activities in the Australian Football League. Journal 
of Science and Medicine in Sport, 7(3), 278-291. 
de Loes, M., Dahlstedt, L., & Thomee, R. (2000). A 7-year study on risks and costs of 
knee injuries in male and female youth participants in 12 sports. Scand J Med Sci 
Sports, 10, 90-97. 
Decker, M. J., Torry, M. R., Wyland, D. J., Sterett, W. I., & Steadman, J. R. (2003). 
Gender differences in lower extremity kinematics, kinetics and energy absorption 
during landing. Clinical Biomechanics, 18, 662-669. 
Delfico, A. J., & Garrett Jr, W. E. (1998). Mechanisms of injury of the anterior cruciate 
ligament in soccer players. Clinics in Sports Medicine, 17(4), 779-785. 
DeLuca, C. J. (1997). The use of surface electromyography in biomechanics. Journal of 
Applied Biomechanics, 13, 135-163. 
DeMorat, G., Weinhold, P., Blackburn, T., Chudik, S., & Garrett, W. (2004). Aggressive 
quadriceps loading can induce noncontact anterior cruciate ligament injury. The 
American Journal of Sports Medicine, 32(2), 477-483. 
Devita, P., & Skelly, W. A. (1992). Effect of landing stiffness on joint kinetics and 
energetics in the lower extremity. Medicine and Science in Sports and Exercise, 
24(1), 108-115. 
Dufek, J., & Zhang, S. (1996). Landing models for volleyball players: a longitudinal 
evaluation. The Journal of Sports Medicine and Physical Fitness, 36(1), 35-42. 
Egger, G. (1990). Sports injuries in Australia. Causes, costs and prevention (A Report to 
the National Better Health Program). Sydney: Centre for Health Promotion and 
Research. 
Emery, C. A., Cassidy, J. D., Klassen, T. P., Rosychuk, R. J., & Rowe, B. H. (2005). 
Effectiveness of a home-based balance-training program in reducing sports-related 
injuries among healthy adolescents: a cluster randomized controlled trial. CMAJ, 
172(6), 749-754. 
Enoka, R. M. (2002). Neuromechanics of Human Movement (3rd ed.). Champaign, IL: 
Human Kinetics. 
Fagenbaum, R., & Darling, W. G. (2003). Jump landing strategies in male and female 
college athletes and the implications of such strategies for anterior cruciate 
ligament injury. The American Journal of Sports Medicine, 31(2), 233-240. 
155
Faude, O., Junge, A., Kindermann, W., & Dvorak, J. (2005). Injuries in female soccer 
players: A prospective study in the German national league. The American 
Journal of Sports Medicine, 33(11), 1694-1700. 
Fawkner, H. J., McMurrary, N. E., & Summers, J. J. (1999). Athletic injury and minor life 
events: A prospective study. Journal of Science and Medicine in Sport, 2(2), 117-
124. 
Ferris, C., Ju, Y., Fetchen, S., Freedman, A., Abt, J., Laudner, K., Habu, A., & Lephart, S. 
(2002, April-June). Lower extremity strength and biomechanical adaptations to 
training in female athletes. Paper presented at the NATA Annual Meeting, Dallas. 
Ford, K. R., Myer, G. D., & Hewett, T. E. (2003). Valgus knee motion during landing in 
high school female and male basketball players. Medicine and Science in Sports 
and Exercise, 35(10), 1745-1750. 
Ford, K. R., Myer, G. D., Smith, R. L., Vianello, R. M., Seiwert, S. L., & Hewett, T. E. 
(2005). A comparison of dynamic coronal plane excursion between matched male 
and female athletes when performing single leg landings. Clinical Biomechanics, 
in press.
Ford, K. R., Myer, G. D., Smith, R. L., Vianello, R. M., Seiwert, S. L., & Hewett, T. E. 
(2006). A comparison of dynamic coronal plane excursion between matched male 
and female athletes when performing single leg landings. Clinical Biomechanics, 
21(1), 33-40. 
France, L., & Nester, C. (2001). Effect of errors in the identification of anatomical 
landmarks on the accuracy of Q angle values. Clinical Biomechanics, 16, 710-713. 
Fu, F. H., Harner, C. D., Johnson, D. L., Miller, M. D., & Woo, S. L.-Y. (1993). 
Biomechanics of Knee Ligaments. The Journal of Bone and Joint Surgery, 75-
A(11), 1716 - 1727. 
Gomez, E., DeLee, J. C., & Farney, W. C. (1996). Incidence of injury in Texas girls' high 
school basketball. The American Journal of Sports Medicine, 24(5), 684-687. 
Grabiner, M., Feuerbach, J., Lundin, T., & Davis, B. (1995). Visual guidance to force 
plates does not influence ground reaction force variability. Journal of 
Biomechanics, 28(9), 1115-1117. 
Gray, J., Taunton, J., McKenzie, D., Clement, D., McConkey, J., & Davidson, R. (1985). 
A survey of injuries to the anterior cruciate ligament of the knee in female 
basketball players. International Journal of Sports Medicine, 6(6), 314-316. 
156
Griffin, L., Agel, J., Albohm, M., Arendt, E., Dick, R., Garrett, W., Garrick, J., Hewett, 
T., Huston, L., Lloyd Ireland, M., Johnson, R., Kibler, W., Lephart, S., Lewis, J., 
Lindenfeld, T., Mandelbaum, B., Marchak, P., Teitz, C., & Wojtys, E. (2000). 
Noncontact anterior cruciate ligament injuries: Risk factors and prevention 
strategies. Journal of the American Academy of Orthopaedic Surgeons, 8(3), 141-
150. 
Grood, E., & Suntay, W. (1983). A joint coordinate system for the clinical description of 
three-dimensional motions: application to the knee. J Biomech Eng, 105(2), 136-
144. 
Hargrave, M. D., Carcia, C. R., Gansneder, B. M., & Shultz, S. J. (2003). Subtalar 
pronation does not influence impact forces or rate of loading during a single-leg 
landing. Journal of Athletic Training, 38(1), 18-23. 
Harmon, K. G., & Dick, R. (1998). The relationship of skill level to anterior cruciate 
ligament injury. Clinical Journal of Sport Medicine, 8, 260-265. 
Harmon, K. G., & Ireland, M. L. (2000). Gender differences in noncontact anterior 
cruciate ligament injuries. The Athletic Women, 19(2), 287-302. 
Hertel, J., Dorfman, J. H., & Braham, R. A. (2004). Lower extremity malalignments and 
anterior cruciate ligament injury history. Journal of Sports Science and Medicine, 
3, 220-225. 
Hewett, T., Zazulak, B., Myer, G., & Ford, K. (2005). A review of electromyographic 
activation levels, timing differences, and increased anterior cruciate ligament 
injury incidence in female athletes. British Journal of Sports Medicine, 39, 347-
350. 
Hewett, T. E. (2000). Neuromuscular and hormonal factors associated with knee injuries 
in female athletes: Strategies for intervention. Sports Med, 29(5), 313-327. 
Hewett, T. E., Lindenfeld, T. N., Riccobene, J. V., & Noyes, F. R. (1999). The effect of 
neuromuscular training on the incidence of knee injury in female athletes. The 
American Journal of Sports Medicine, 27(6), 699-705. 
Hewett, T. E., Myer, G. D., Ford, K. R., Heidt, R. S. J., Colosimo, A. J., McLean, S. G., 
van den Bogert, A. J., Paterno, M. V., & Succop, P. (2005b). Biomechanical 
measures of neuromuscular control and valgus loading of the knee predict anterior 
cruciate ligament injury risk in female athletes: A prospective study. The 
American Journal of Sports Medicine, 33(4), 1-10. 
157
Hewett, T. E., Stroupe, A. L., Nance, T. A., & Noyes, F. R. (1996). Plyometric training in 
female athletes. The American Journal of Sports Medicine, 24(6), 765-773. 
Hobbs, M., Shultz, S., Arnold, B., & Gansneder, B. (2001). Changes in knee joint 
compliance index and maximal displacement across the menstrual cycle. Paper 
presented at the ACL Research Retreat: The Gender Bias, Joyner Sportsmedicine 
Institute, University of Delaware, USA. 
Hodges, P. W., & Bui, B. H. (1996). A comparison of computer-based methods for the 
determination of onset of muscle contraction using electromyography. 
Electroencephalography and clinical Neurophysiology, 101, 511-519. 
Hodges, P. W., Richardson, C. A., & Zia, H. (1997). Contraction of the abdominal 
muscles associated with movement of the lower limb. Physical Therapy, 77(2), 
132-144. 
Holm, I., Fosdahl, M., Friis, A., Risberg, M., Myklebust, G., & Steen, H. (2004). Effect of 
neuromuscular training on proprioception, balance, muscle strength, and lower 
limb function in female team handball players. Clinical Journal of Sport 
Medicine, 14(2), 88-94. 
Hopper, D., Kai Lo, S., Kirkham, C., & Elliott, B. (1992). Landing patterns in netball: 
analysis of an international game. British Journal of Sports Medicine, 26(2), 101-
106. 
Hopper, D. M., Hopper, J. L., & Elliott, B. C. (1995). Do selected kinanthropometric and 
performance variables predict injuries in female netball players? Journal of Sports 
Sciences, 13, 213-222. 
Hopper, D. M., McNair, P., & Elliott, B. C. (1999). Landing in netball: effects of taping 
and bracing the ankle. British Journal of Sports Medicine, 33, 409-413. 
Hume, P. A. (1993). Netball injuries in New Zealand. New Zealand Journal of Sports 
Medicine, 21(2), 18-20. 
Hume, P. A., Manning, J. M., Pinniger, G. J., & Steele, J. R. (1996). A method for 
determining Q-angles during landing tasks. Paper presented at the Proceedings of 
the first Australasian Biomechanics Conference, Sydney. 
Hume, P. A., & Steele, J. R. (2000). A preliminary investigation of injury prevention 
strategies in netball: Are players heeding the advice? Journal of Science and 
Medicine in Sport, 3(4), 406-413. 
158
Huston, L. J., Greenfield, M. L. V., & Wojtys, E. M. (2000). Anterior cruciate ligament 
injuries in the female athlete. Clinical Orthopaedics and Related Research., 372,
50-63. 
Huston, L. J., & Wojtys, E. M. (1996). Neuromuscular performance characteristics in 
elite female athletes. The American Journal of Sports Medicine, 24(4), 427-436. 
Ireland, M. (2002). The female ACL: why is it more prone to injury? Orthop Clin North 
Am, 33(4), 637-651. 
Ireland, M., Ballantyne, B., Little, K., & McClay, I. (2001). A radiographic analysis of 
the relationship between the size and shape of the intercondylar notch and 
anterior cruciate ligament injury. Paper presented at the ACL Research Retreat: 
The Gender Bias, Joyner Sportsmedicine Institute, University of Delaware, USA. 
Ireland, M. L., Gaudette, M., & Crook, S. (1997). ACL injuries in the female athlete. 
Journal of Sport Rehabilitation, 6, 97-110. 
Ivanenko, Y., Poppele, R., & Lacquaniti, F. (2004). Five basic muscle activation patterns 
account for muscle activity during human locomotion. Journal of Physiology, 
556(1), 267-282. 
James, C., Dufek, J., & Bates, B. (2000). Effects of injury proneness and task difficulty 
on joint kinetic variability. Medicine and Science in Sports and Exercise, 32(11), 
1833-1844. 
Johansson, H., Sjolander, P., & Sojka, P. (1991). A sensory role for the cruciate 
ligaments. Clinical Orthopaedics and Related Research, 268, 161-178. 
Jones, R., Nawana, N., Pearcy, M., Learmonth, D., Bickerstaff, D., Costi, J., & Paterson, 
R. (1995). Mechanical properties of the human anterior cruciate ligament. Clinical 
Biomechanics, 10(7), 339-344. 
Kanamori, A., Woo, S. L.-Y., Ma, C. B., Zeminski, J., Rudy, T. W., Li, G., & Livesay, G. 
A. (2000). The forces in the anterior cruciate ligament and knee kinematics during 
a simulated pivot shift test: A human cadaveric study using robotic technology. 
Arthroscopy: The Journal of Arthroscopic and Related Surgery, 16(6), 633-639. 
Kennedy, J. C., Weinberg, H. W., & Wilson, A. S. (1974). The anatomy and function of 
the anterior cruciate ligament: As determined by clinical and morphological 
studies. The Journal of Bone and Joint Surgery, 56 - A(2), 223 - 235. 
Kernozek, T. W., Torry, M. R., van Hoof, H., Cowley, H., & Tanner, S. (2005). Gender 
differences in frontal and sagittal plane biomechanics during drop landings. 
Medicine and Science in Sports and Exercise, 37(6), 1003-1012. 
159
Kirkendall, D. T., & Garrett, W. (2000). The anterior cruciate ligament enigma. Clinical 
Orthopaedics and Related Research., 372, 64-68. 
Krosshaug, T., Andersen, T., Olsen, O.-E., Myklebust, G., & Bahr, R. (2005). Research 
approaches to describe the mechanisms of injuries in sport: limitations and 
possibilities. British Journal of Sports Medicine, 39, 330-339. 
Krustrup, P., Mohr, M., Ellingsgaard, H., & Bangsbo, J. (2005). Physical demands during 
an elite female soccer game: importance of training status. Medicine and Science 
in Sports and Exercise, 37(7), 1242-1248. 
Kvist, J., & Gillquist, J. (2001). Sagittal plane knee translation and electromyographic 
activity during closed and open kinetic chain exercises in anterior cruciate 
ligament-deficient patients and control subjects. The American Journal of Sports 
Medicine, 29(1), 72-82. 
LaStayo, P. C., Woolf, J. M., Lewek, M. D., Snyder-Mackler, L., Reich, T., & Lindstedt, 
S. L. (2003). Eccentric muscle contractions: Their contribution to injury, 
prevention, rehabilitation, and sport. Journal of Orthopaedic & Sports Physical 
Therapy, 33, 557-571. 
Lee, D., Lishman, J., & Thomson, J. (1982). Regulation of gait in long jumping. Journal 
of Experimental Psychology: Human Perception and Performance, 8(3), 448-459. 
Lee, T. D. (1988). Transfer-appropriate processing: A framework for conceptualizing 
practice effects in motor learning. In O. G. Meijer & K. Roth (Eds.), Complex 
motor behaviour: The motor-action controversy (pp. 201-215). Amsterdam: 
Elsevier Science Publishing. 
Leetun, D., Ireland, M., Ballantyne, B., & McClay, I. (2001). Differences in core stability 
between male and female collegiate basketball athletes as measured by trunk and 
hip performance. Paper presented at the ACL Research Retreat: The Gender Bias, 
Joyner Sportsmedicine Institute, University of Delaware, USA. 
Leetun, D. T., Lloyd Ireland, M., Willson, J. D., Ballantyne, B. T., & McClay Davis, I. 
(2004). Core stability measures as risk factors for lower extremity injury in 
athletes. Medicine and Science in Sports and Exercise, 36(6), 926-934. 
Lephart, S., Abt, J., Ferris, C., Sell, T., Nagai, T., Myers, J., & Irrgang, J. (2005). 
Neuromuscular and biomechanical characteristic changes in high school athletes: 
a plyometric versus basic resistance program. British Journal of Sports Medicine, 
39, 932-938. 
160
Lephart, S., Ferris, C., Riemann, B., Myers, J., & Fu, F. (2001). Gender differences in 
neuromuscular patterns and landing strategies. Paper presented at the ACL 
Research Retreat: The Gender Bias, Joyner Sportsmedicine Institute, University of 
Delaware, USA. 
Lephart, S. M., Abt, J. P., & Ferris, C. M. (2002). Neuromuscular contributions to 
anterior cruciate ligament injuries in females. Current Opinion in Rheumatology, 
14(2), 168-173. 
Li, G., DeFrate, L. E., Rubash, H. E., & Gill, T. J. (2005). In vivo kinematics of the ACL 
during weight-bearing knee flexion. Journal of Orthopaedic Research, 23, 340-
344. 
Li, G., Rudy, T., Sakane, M., Kanamori, A., Ma, C., & Woo, S. L.-Y. (1999). The 
importance of quadriceps and hamstring muscle loading on knee kinematics and 
in-situ forces in the ACL. Journal of Biomechanics, 32, 395-400. 
Liu, S. H., Al-Shaikh, R. A., Panossian, V., Finerman, G. A., & Lane, J. M. (1997). 
Estrogen affects the cellular metabolism of the anterior cruciate ligament: A 
potential explanation for female athletic injury. The American Journal of Sports 
Medicine, 25(5), 704-709. 
Livingston, L., & Mandigo, J. (1997). Bilateral within-subject Q angle asymmetry in 
young adult females and males. Biomed Sci Instrum, 33, 112-117. 
Lloyd, D. G. (2001). Rationale for training programs to reduce anterior cruciate ligament 
injuries in Australian Football. Journal of Orthopaedic & Sports Physical 
Therapy, 31(11), 645-654. 
Lloyd, D. G., & Buchanan, T. S. (2001). Strategies of muscular support of varus and 
valgus isometric loads at the human knee. Journal of Biomechanics, 34, 1257 - 
1267. 
Lohmander, L., Ostenberg, A., Englund, M., & Roos, H. (2004). High prevalence of knee 
osteoarthritis, pain, and functional limitations in female soccer players twelve 
years after anterior cruciate ligament injury. Arthritis and Rheumatism, 50(10), 
3145-3152. 
Loudon, J. K., Jenkins, W., & Loudon, K. L. (1996). The relationship between static 
posture and ACL injury in female athletes. Journal of Sports and Physical 
Therapy, 24(2), 91-97. 
161
Lysens, R., Steverlynck, A., van den Auweele, Y., Lefevre, J., Renson, L., Claessens, A., 
& Ostyn, M. (1984). The predictability of sports injuries. Sports Medicine, 1, 6-
10. 
Maletius, W., & Messner, K. (1999). Eighteen - to twenty-four-year follow-up after 
complete rupture of the anterior cruciate ligament. The American Journal of 
Sports Medicine, 27(6), 711-717. 
Malinzak, R. A., Colby, S. M., Kirkendall, D. T., Yu, B., & Garrett, W. E. (2001). A 
comparison of knee joint motion patterns between men and women in selected 
athletic tasks. Clinical Biomechanics, 16, 438-445. 
Malone, T. R., Hardaker, W. T., Garrett, W. E., Feagin, J. A., & Bassett, F. H. (1993). 
Relationship of gender to anterior cruciate ligament injuries in intercollegiate 
basketball players. Journal of the Southern Orthopaedic Association, 2(1), 36-39. 
Mandelbaum, B. R., Silvers, H. J., Watanabe, D. S., Knarr, J. F., Thomas, S. D., Griffin, 
L. Y., Kirkendall, D. T., & Garrett Jr, W. (2005). Effectiveness of a 
neuromuscular and proprioceptive training program in preventing anterior cruciate 
ligament injuries in female athletes: 2-year follow-up. The American Journal of 
Sports Medicine, 33(7), 1003 - 1010. 
Markolf, K. L., Burchfield, D. M., Shapiro, M. S., Shepard, M. F., Finerman, G. A., & 
Slauterbeck, J. R. (1995). Combined knee loading states that generate high 
anterior cruciate ligament forces. Journal of Orthopaedic Research, 13(6), 930-
935. 
Markolf, K. L., Gorek, J. F., Kabo, M., & Shapiro, M. S. (1990). Direct measurement of 
resultant forces in the anterior cruciate ligament. The Journal of Bone and Joint 
Surgery, 72-A(4), 557-567. 
McClay Davis, I., & Ireland, M. L. (2001). ACL research retreat: the gender bias April 6 - 
7, 2001. Clinical Biomechanics, 16, 937-939. 
McGrath, A. C., & Ozanne-Smith, J. (1998). Attacking the goal of netball injury 
prevention: A review of the literature (130). Victoria: Monash University - 
Accident Research Centre. 
McKay, G., Goldie, P., Payne, W., Oakes, B., & Watson, L. (2001). A prospective study 
of injuries in basketball: A total profile and comparison by gender and standard of 
competition. Journal of Science and Medicine in Sport, 4(2), 196-211. 
162
McLean, S. (2005). The ACL injury enigma: prevention is impossible if we don't know the 
cause. Paper presented at the 2005 Australian Conference of Science and 
Medicine in Sport, Melbourne. 
McLean, S., & van den Bogert, A. (2001). Knee kinematics during sidestep cutting: 
potential for ACL injury in females. Paper presented at the ACL Research Retreat: 
The Gender Bias, Joyner Sportsmedicine Institute, University of Delaware, USA. 
McLean, S., Walker, K., Ford, K., Myer, G., Hewett, T., & van den Bogert, A. (2005b). 
Evaluation of a two dimensional analysis method as a screening and evaluation 
tool for anterior cruciate ligament injury. British Journal of Sports Medicine, 39,
355-362. 
McLean, S., Walker, K., & van den Bogert, A. (2005c). Effect of gender on lower 
extremity kinematics during rapid direction changes: an integrated analysis of 
three sports movements. Journal of Science and Medicine in Sport, 8(4), 411-422. 
McLean, S. G., Huang, X., Su, A., & van den Bogert, A. J. (2004). Sagittal plane 
biomechanics cannot injure the ACL during sidestep cutting. Clinical 
Biomechanics, 19, 828-838. 
McLean, S. G., Huang, X., & van den Bogert, A. J. (2005a). Association between lower 
extremity posture at contact and peak knee valgus moment during sidestepping: 
Implications for ACL injury. Clinical Biomechanics, 20, 863-870. 
McLean, S. G., Lipfert, S. W., & van den Bogert, A. J. (2004b). Effect of gender and 
defensive opponent on the biomechanics of sidestep cutting. Medicine and Science 
in Sports and Exercise, 36(6), 1008 - 1016. 
McNair, P., & Wood, G. (1993). Frequency analysis of the EMG from the quadriceps of 
anterior cruciate ligament deficient individuals. Electromyography and clinical 
Neurophysiology, 33, 43-48. 
McNitt-Gray, J. (2000). Musculoskeletal loading during landing. In V. M. Zatsiorsky 
(Ed.), Biomechanics in sport: Performance enhancement and injury prevention 
(Vol. IX, pp. 523-549). Malden; Mass: Blackwell Science. 
Medvecky, M. J., Bosco, J., & Sherman, O. H. (2000). Gender disparity of anterior 
cruciate ligament injury: Etiological theories in the female athlete. Bulletin, 59(4), 
217-226. 
Merletti. (1999). Standards for reporting EMG data. Journal of Electromyography and 
Kinesiology.
163
Messina, D. F., Farney, W. C., & DeLee, J. C. (1999). The incidence of injury in Texas 
high school basketball. The American Journal of Sports Medicine, 27(3), 294-299. 
Moeller, J. L., & Lamb, M. M. (1997). Anterior cruciate ligament injuries in female 
athletes. Why are women more susceptible? The Physician and Sportsmedicine., 
25(4), 31-48. 
Mohr, M., Krustrup, P., & Bangsbo, J. (2005). Fatigue in soccer: a brief review. Journal 
of Sports Sciences, 23(6), 593-599. 
Moller-Nielsen, J., & Hammar, M. (1989). Women's soccer injuries in relation to the 
menstrual cycle and oral contraceptive use. Medicine and Science in Sports and 
Exercise, 21(2), 126-129. 
Moller-Nielsen, J., & Hammar, M. (1991). Sports injuries and oral contraceptive use: Is 
there a relationship? Sports Medicine, 12(3), 152-160. 
Montagne, G., Cornus, S., Glize, D., Quaine, F., & Laurent, M. (2000). A perception-
action coupling type of control in long jumping. Journal of Motor Behavior, 
32(1), 37-43. 
Moul, J. L. (1998). Differences in selected predictors of anterior cruciate ligament tears 
between male and female NCAA division I collegiate basketball players. Journal 
of Athletic Training, 33(2), 118-121. 
Myer, G., Ford, K., McLean, S., & Hewett, T. (2006). The effects of plyometric versus 
dynamic stabilisation and balance training on lower extremity biomechanics. The 
American Journal of Sports Medicine, 34(3), 445-455. 
Myer, G., Ford, K., Palumbo, J., & Hewett, T. (2005). Neuromuscular training improves 
performance and lower-extremity biomechanics in female athletes. The Journal of 
Strength and Conditioning Research, 19(1), 51-60. 
Myer, G. D., Ford, K. R., & Hewett, T. E. (2004a). Methodological approaches and 
rationale for training to prevent anterior cruciate ligament injuries in female 
athletes. Scand J Med Sci Sports, 14, 275-285. 
Myklebust, G., & Bahr, R. (2005). Return to play guidelines after anterior cruciate 
ligament surgery. British Journal of Sports Medicine, 39, 127 - 131. 
Myklebust, G., Engebretsen, L., Hoff Braekken, I., Skjolberg, A., Olsen, O.-E., & Bahr, 
R. (2003). Prevention of anterior cruciate ligament injuries in female team 
handball players: A prospective intervention study over three seasons. Clinical 
Journal of Sport Medicine, 13, 71-78. 
164
Myklebust, G., Maehlum, S., Holm, I., & Bahr, R. (1998). A prospective cohort study of 
anterior cruciate ligament injuries in elite Norwegian team handball. Scand J Med 
Sci Sports, 8(3), 149-153. 
Neal, R. J., & Sydney-Smith, M. (1992). The effects of footfall pattern and passing height 
on ground reaction forces in netball. The Australian Journal of Science and 
Medicine in Sport, 24(3), 73-78. 
Neisser, U. (1976). Cognition and reality: Principles and implications of cognitive 
psychology. San Francisco: W.H. Freeman and Company. 
Neptune, R. R., Wright, I. C., & van den Bogert, A. J. (1999). Muscle coordination and 
function during cutting movements. Medicine and Science in Sports and Exercise, 
31(2), 294-302. 
Norton, K., & Olds, T. (2002). Anthropometrica. New South Wales: UNSW Press. 
Noyes, F. R., Barber-Westin, S. D., Fleckenstein, C., Walsh, C., & West, J. (2005). The 
drop-jump screening test: Difference in lower limb control by gender and effect of 
neuromuscular training in female athletes. The American Journal of Sports 
Medicine, 33(2), 197-207. 
Olree, K. S., & Vaughan, C. L. (1995). Fundamental patterns of bilateral muscle activity 
in human locomotion. Biol Cybern, 73, 409-414. 
Olsen, O.-E., Myklebust, G., Engebretsen, L., & Bahr, R. (2004). Injury mechanisms for 
anterior cruciate ligament injuries in team handball: A systematic video analysis. 
The American Journal of Sports Medicine, 32(4), 1002-1012. 
Olsen, O.-E., Myklebust, G., Engebretsen, L., Holme, I., & Bahr, R. (2003). Relationship 
between floor type and risk of ACL injury in team handball. Scand J Med Sci 
Sports, 13, 299-304. 
Onate, J. A., Guskiewicz, K. M., Marshall, S. W., Giuliani, C., Yu, B., & Garrett, W. E. 
(2005). Instruction of jump-landing technique using videotape feedback. The 
American Journal of Sports Medicine, 33(6), 831-842. 
Oni, O. (1998). Mechanism of injury in anterior cruciate ligament disruption. The Knee, 
5, 81-86. 
Orchard, J. W., Chivers, I., Aldous, D., Bennell, K., & Seward, H. (2005). Rye grass is 
associated with fewer non-contact anterior cruciate ligament injuries than bermuda 
grass. British Journal of Sports Medicine, 39, 704-709. 
165
Orchard, J. W., & Powell, J. W. (2001). Risk of knee and ankle sprains under various 
weather conditions in the National Football League. Paper presented at the 2001 
Australian Conference of Science and Medicine in Sport, Perth. 
Otago, L. (1998). A survey of knee injured netballers. Paper presented at the Australian 
conference of science and medicine in sport, Adelaide. 
Otago, L. (1999). An investigation of knee injuries in netball. Unpublished PhD, The 
University of Queensland, Brisbane. 
Otago, L. (2004). Kinetic analysis of landings in netball: Is a footwork rule change 
required to decrease ACL injuries? Journal of Science and Medicine in Sport, 
7(1), 85-95. 
Pantano, K. J., White, S. C., Gilchrist, L. A., & Leddy, J. (2005). Differences in peak 
knee valgus angles between individuals with high and low Q-angles during a 
single leg squat. Clinical Biomechanics, 20, 966-972. 
Parkkari, J., Kujala, U. M., & Kannus, P. (2001). Is it possible to prevent sports injuries? 
Sports Med, 31(14), 985-995. 
Pollard, C. D., McClay Davis, I., & Hamill, J. (2004). Influence of gender on hip and 
knee mechanics during a randomly cued cutting maneuver. Clinical 
Biomechanics, 19, 1022-1031. 
Powers, C., Sigward, S., Ota, S., & Pelley, K. (2004). The influence of an ACL injury 
training program on knee mechanics during a side-step cutting maneuver. Paper 
presented at the NATA Annual Meeting, Baltimore. 
Risberg, M. A., Mork, M., Jenssen, H. K., & Holm, I. (2001). Design and implementation 
of a neuromuscular training program following anterior cruciate ligament 
reconstruction. Journal of Orthopaedic & Sports Physical Therapy, 31(11), 620-
631. 
Rizzo, M., Holler, S. B., & Bassett 3rd, F. H. (2001). Comparison of males' and females' 
ratios of anterior-cruciate-ligament width to femoral-intercondylar-notch width: A 
cadaveric study. The American Journal of Orthopedics, 30(8), 660-664. 
Romani, W., Curl, L., & Lovering, R. (2001). Anterior cruciate ligament stiffness at three 
stages of the menstrual cycle in healthy, active females. Paper presented at the 
ACL Research Retreat: The Gender Bias, Joyner Sportsmedicine Institute, 
University of Delaware, USA. 
166
Rozzi, S. L., Lephart, S. M., & Fu, F. H. (1999). Effects of muscular fatigue on knee joint 
laxity and neuromuscular characteristics of male and female athletes. Journal of 
Athletic Training, 34(2), 106-114. 
Rozzi, S. L., Lephart, S. M., Gear, W. S., & Fu, F. H. (1999). Knee joint laxity and 
neuromuscular characteristics of male and female soccer and basketball players. 
The American Journal of Sports Medicine, 27(3), 312-319. 
Salci, Y., Kentel, B. B., Heycan, C., Akin, S., & Korkusuz, F. (2004). Comparison of 
landing maneuvers between male and female college volleyball players. Clinical 
Biomechanics, 19, 622-628. 
Saxon, L., Finch, C., & Bass, S. (1999). Sports participation, sports injuries and 
osteoarthritis: Implications for prevention. Sports Med, 28(2), 123-135. 
Schmitz, R., Thompson, T., Riemann, B., & Goldfarb, A. (2002b). Gender differences in 
hip and knee kinematics and muscle preactivation during single leg landings. 
Journal of Athletic Training, 37, S-20. 
Sell, T. C., Ferris, C. M., Abt, J. P., Tsai, Y.-S., Myers, J. B., Fu, F. H., & Lephart, S. M. 
(2006). The effect of direction and reaction on the neuromuscular and 
biomechanical characteristics of the knee during tasks that simulate the noncontact 
anterior cruciate ligament injury mechanism. The American Journal of Sports 
Medicine, 34, 43-54. 
Shambaugh, J., Klein, A., & Herbert, J. (1991). Structural measures as predictors of 
injury in basketball players. Medicine and Science in Sports and Exercise, 23,
522-527. 
Shultz, S., Perrin, D., Carcia, C., & Gansneder, B. (2002, April-June). Lower extremity 
alignment affects muscle activation patterns at the knee following a weight-
bearing perturbation. Paper presented at the NATA Annual Meeting, Dallas. 
Shultz, S., Perrin, D., Carcia, C., & Gansneder, B. (2002a, April-June). Lower Extremity 
Alignment Affects Muscle Activation Patterns At The Knee Following A Weight-
Bearing Perturbation. Paper presented at the NATA Annual Meeting, Dallas. 
Shultz, S. J., Carcia, C. R., & Perrin, D. H. (2004). Knee joint laxity affects muscle 
activation patterns in the healthy knee. Journal of Electromyography and 
Kinesiology, 14, 475-483. 
Shultz, S. J., & Perrin, D. H. (1999). Using surface electromyography to assess sex 
differences in neuromuscular response characteristics. Journal of Athletic 
Training, 34(2), 165-176. 
167
Sigward, S., & Powers, C. (2006). The influence of gender on knee kinematics, kinetics 
and muscle activation patterns during side-step cutting. Clinical Biomechanics, 
21, 41-48. 
Simonsen, E., Magnusson, S., Bencke, J., Naesborg, H., Havkrog, M., Ebstrup, J., & 
Sorensen, H. (2000). Can the hamstring muscles protect the anterior cruciate 
ligament during a side-cutting maneuver? Scand J Med Sci Sports, 10, 78-84. 
Sinnatamby, C. S. (1999). Last's anatomy: Regional and applied (tenth ed.). Edinburgh: 
Churchill Livingstone. 
Skinner, H., Wyatt, M., Stone, M., Hodgdon, J., & Barrack, R. (1986). Exercise-related 
knee joint laxity. The American Journal of Sports Medicine, 14(1), 30-34. 
Slauterbeck, J. R., Fuzie, S. F., Smith, M. P., Clark, R. J., Xu, T. K., Starch, D. W., & 
Hardy, D. M. (2002). The menstrual cycle, sex hormones, and anterior cruciate 
ligament injury. Journal of Athletic Training, 37(3), 275-280. 
Spencer, M., Rechichi, C., Lawrence, S., Dawson, B., Bishop, D., & Goodman, C. (2005). 
Time-motion analysis of elite field hockey during several games in succession: a 
tournament scenario. Journal of Science and Medicine in Sport, 8(4), 382-391. 
Spiering, B., Wilson, M., Judelson, D., & Rundell, K. (2003). Evaluation of 
cardiovascular demands of game play and practice in women's ice hockey. 
Journal of Strength and Conditioning Research, 17(2), 329-333. 
Steele, J. R. (1990). Biomechanical factors affecting performance in netball: Implications 
for improving performance and injury reduction. Sports Medicine, 10(2), 88-102. 
Steele, J. R., & Lafortune, M. A. (1989). A kinetic analysis of footfall patterns at landing 
in netball: A follow-up study. Paper presented at the VIIth International 
Symposium of the Society of Biomechanics in Sport, Footscray Institute of 
Technology. 
Steele, J. R., & Milburn, P. D. (1987). A kinematic analysis of netball landing techniques. 
The Australian Journal of Science and Medicine in Sport, 19, 23-27. 
Steele, J. R., & Milburn, P. D. (1988a). Effect of different synthetic sport surfaces on 
ground reaction forces at landing in netball. International Journal of Sport 
Biomechanics, 4, 130-145. 
Steele, J. R., & Milburn, P. D. (1988b). Reducing the risk of injury in netball: Changing 
rules or changing techniques? New Zealand Journal of Health, Physical Education 
and Recreation, 21(1), 17-21. 
168
Strocchi, R., De Pasquale, V., Gubellini, P., Facchini, A., Marcacci, M., Buda, R., 
Zaffagnini, S., & Ruggeri, A. (1992). The human anterior cruciate ligament: 
histological and ultrastructural observations. Journal of Anatomy, 180, 515-519. 
Swartz, E. E., Decoster, L. C., Russell, P. J., & Croce, R. V. (2005). Effects of 
developmental stage and sex on lower extremity kinematics and vertical ground 
reaction forces during landing. Journal of Athletic Training, 40(1), 9-14. 
Taimela, S., Kujala, U. M., & Osterman, K. (1990). Intrinsic risk factors and athletic 
injuries. Sports Medicine, 9(4), 205-215. 
Taylor, C. (1999). Netball. A top team participation sport - making it safer. Kidsafe, 
Winter, 22-23. 
Torzilli, P. A., Deng, X., & Warren, R. F. (1994). The effect of joint-compressive load 
and quadriceps muscle force on knee motion in the intact and anterior cruciate 
ligament-sectioned knee. The American Journal of Sports Medicine, 22(1), 105-
112. 
Toth, A. P., & Cordasco, F. A. (2001). Anterior cruciate ligament injuries in the female 
athlete. JGSM, 4(4), 25-34. 
Uhorchak, J., Scoville, C., Williams, G., Arciero, R., St Pierre, P., & Taylor, D. (2003). 
Risk factors associated with noncontact injury of the anterior cruciate ligament: a 
prospective four-year evaluation of 859 West Point cadets. The American Journal 
of Sports Medicine, 31(6), 831-842. 
Van Lunen, B. L., Roberts, J., Branch, J. D., & Dowling, E. A. (2003). Association of 
menstrual-cycle hormone changes with anterior cruciate ligament laxity 
measurements. Journal of Athletic Training, 38(4), 298-303. 
Waldén, M., Hägglund, M., & Ekstrand, J. (2006). High risk of new knee injury in elite 
footballers with previous anterior cruciate ligament injury. British Journal of 
Sports Medicine, 40(2), 158-162. 
Warden, S., Saxon, L., & Turner, C. (2005). The higher incidence of anterior cruciate 
ligament injuries in females is not due to direct ligament effects of estrogen. Paper 
presented at the 2005 Australian Conference of Science and Medicine in Sport, 
Melbourne. 
Wearing, S. C., Urry, S. R., & Smeathers, J. E. (2000). The effect of visual targeting on 
ground reaction force and temporospatial parameters of gait. Clinical 
Biomechanics, 15, 583-591. 
169
Wedderkopp, N., Kaltoft, M., Holm, R., & Froberg, K. (2003). Comparison of two 
intervention programmes in young female players in European handball - with and 
without ankle disc. Scand J Med Sci Sports, 13, 371-375. 
Wedderkopp, N., Kaltoft, M., Lundgaard, B., Rosendahl, M., & Froberg, K. (1997). 
Injuries in young female players in European team handball. Scand J Med Sci 
Sports, 7, 342-347. 
Wedderkopp, N., Kaltoft, M., Lundgaard, B., Rosendahl, M., & Froberg, K. (1999). 
Prevention of injuries in young female players in European team handball. A 
prospective intervention study. Scand J Med Sci Sports, 9, 41-47. 
Weeks, D., & Kordus, R. (1998). Relative frequency of knowledge of performance and 
motor skill learning. Research Quarterly for Exercise and Sport, 69(3), 224-230. 
White, K. K., Lee, S. S., Cutuk, A., Hargens, A. R., & Pedowitz, R. A. (2003). EMG 
power spectra of intercollegiate athletes and anterior cruciate ligament injury risk 
in females. Medicine and Science in Sports and Exercise, 35(3), 371-376. 
Wilkerson, G. B., Colston, M. A., Short, N. I., Neal, K. L., Hoewischer, P. E., & Pixley, J. 
J. (2004). Neuromuscular changes in female collegiate athletes resulting from a 
plyometric jump-training program. Journal of Athletic Training, 39(1), 17-23. 
Williams, T., & Krahenbuhl, G. (1997). Menstrual cycle phase and running economy. 
Medicine and Science in Sports and Exercise, 29(12), 1609-1618. 
Winter, E., & Brookes, F. (1991). Electromechanical response times and muscle elasticity 
in men and women. European Journal of Applied Physiology, 63, 124-128. 
Wojtys, E., Huston, L. J., Taylor, P. D., & Bastian, S. D. (1996). Neuromuscular 
adaptations in isokinetic, isotonic, and agility training programs. The American 
Journal of Sports Medicine, 24(2), 187-192. 
Wojtys, E. M., Huston, L. J., Boynton, M. D., Spindler, K. P., & Lindenfeld, T. N. 
(2002). The effect of the menstrual cycle on anterior cruciate ligament injuries in 
women as determined by hormone levels. The American Journal of Sports 
Medicine, 30(2), 182-188. 
Woo, S. L.-Y., Fox, R. J., Sakane, M., Livesay, G. A., Rudy, T. W., & Fu, F. H. (1998). 
Biomechanics of the ACL: Measurements of in situ force in the ACL and knee 
kinematics. The Knee, 5, 267 - 288. 
Woo, S. L.-Y., Livesay, G. A., & Engle, C. (1992). Bomechanics of the human anterior 
cruciate ligament: ACL structure and role in knee motion. Orthopaedic Review,
835 - 842. 
170
Yu, B., McClure, S. B., Onate, J. A., Guskiewicz, K. M., Kirkendall, D. T., & Garrett, W. 
E. (2005). Age and gender effects on lower extremity kinematics of youth soccer 
players in a stop-jump task. The American Journal of Sports Medicine, 33(9), 
1356-1364. 
Zhang, S.-N., Bates, B. T., & Dufek, J. S. (2000). Contributions of lower extremity joints 
to energy dissipation during landings. Medicine and Science in Sports and 
Exercise, 32(4), 812-819. 
 
